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Abstract

We have constructed a collisional-radiative model for Be-like Fe ion ( Fe™*t )
to calculate the intensities of FeXXIII spectral lines in non equilibrium ionization
plasma. In the model we consider levels with n <70 and take into account the ion-
ization and recombination processes to/from Fe?3* ion. The recombining processes
of FeZZt jon had not been considered in detail in models for the spectral lines. We
calculate the dielectronic recombination rate coefficients into the excited states with
use of the Cowan’s code. We examine the effect of radiative cascades from levels with
n>5 to the population densities and find it is important especially for the recom-
bining plasma. We study the line intensities and the intensity ratios as a function
of an electron temperature at an electron density of 10'%cm=3 for a plasma in non
equilibrium ionization with arbitrary ion abundance ratio of Fe”** ion to Fe??* ion.
The dielectronic satellite lines and the radiative loss by Fe??t jon are also discussed.
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diagnostics
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1 Introduction

Iron atom and ions exist as impurities in laboratory, fusion, and astrophysical plasmas.
Such impurities play important rolls in ptasmas as coolant or as a tool to know condition of
plasmas. Intensity ratios of spectral lines of ions can be used for plasma diagnostics. In a
plasma at an electron temperature of ~ 1keV, such as in laboratory plasmas [1], [2], [3], [4],
solar flares [5], [6], [7], or hot gas in elliptical galaxies [8] and clusters of galaxies [9], iron
exists as Fe??* (Be-like Fe) or Fe?* (Li-like Fe) ions. The study of FeXXIII spectral lines
provides us the information of these plasmas. Especially in astrophysical plasmas, iron is
important to be observed in order to measure the heavy element abundance. Recently the
observations of elliptical galaxies and clusters of galaxies by the X-ray satellite ASCA in
the 0.7-2keV spectral band show discrepancies with model predictions by standard plasma
emission codes of [10] and [11}. Liedhal, Osterheld, and Goldstein (1995) [12] presented
new calculations using the HULLAC code including levels of principal quantum number,
n < 7. In the code all transition rate coefficients were calculated. Their calculations show
better agreement with observations than previous models but still disagreement remains.
Savin et al.(1996) [4] carried out laboratory measurements of FeXXIV line emissions using
the Lawrence Livermore electron beam ion trap to examine the issue. The measured
emission line ratios of (n = 4 — 2) and (n = 3 — 2) transitions are found in good
agreement with theoretical calculations by distorted wave code of Zhang, Sampson, and
Clark (1990) {13] within 1 ~ 1.1¢ and by the HULLAC code [12] within 1 ~ 1.30. The
FeXXIII emission lines still remain to be examined experimentally and theoretically.

We have studied FeXXIII spectral lines and their possibility of the electron tempera-
ture diagnostics. We have constructed a Collisional-Radiative Model (CRM) for Fe??* jon
to calculate the population densities of the excited states and the emission line intensi-
ties. This model takes into account collisional excitation/de-excitation and radiative
transitions, and the ionization and recombination to/from the Li-like Fe ion. Previously
we started the CRM, considering 98 levels of 252, 2s2p, 2p?, 2snl, and 2pnl states with
the principal quantum number = up to 4 (Murakami, Kato, & Dubau 1996, Paper I
Murakami & Kato 1996, Paper II). This model did not include the ionization and recom-
bination processes and the level population densities are mainly excited from the ground
state of Fe??+ ion.

In an ionization equilibrium plasma of T, ~ lkeV relative abundance of FeZ+ to
Fe”* jons is close to unity and recombination processes from Fe+ ion should be consid-
ered when examining population densities of Fe?>* ion. In this work we extend the model
including much more levels than Paper II of 2sn! states up to n = 70 and 2pn! states up
to n =10 in order to consider the recombination processes, since radiative cascades play
an important roll, especially for the recombining plasma. Liedhal et al. took into account
the recombination processes in their HULLAC code, but they focused on the bulk ratio
of (4 — 2) and (3 — 2) transitions and did not examine the details of each line. Kallman
et al. [14] presented calculations of the emission spectra from photo-ionized gases for all
L-shell Fe ions, considering levels of n < 4. In the photo-ionized plasma the recombi-
nation processes, such as dielectronic recombination, radiative recombination, and three
body recombination, dominate the population densities of excited states. They adopted
the dielectronic recombination and collisional ionization rates of Arnaud and Raymond
(1992) [15] who only gave the total rates. It is unclear how they estimated the dielectronic
recombination rate coefficient of each state, so their results seem to have ambiguities. In
our model we have adopted the dielectronic recombination rate coefficient for each level
calculated with the Cowan’s code. With this model we calculate the emission line inten-



sities for a lonization equilibrium plasma and a non-equilibrium ionization plasma with
arbitrary ion density ratio of Fe®** ion to Fe?>* ion. We examine the electron temperature
dependences of the line intensity ratios and consider the temperature diagnostics.

In §2 we describe our CRM. Atomic data for the CRM are shown in §3. The results
for the population densities of the excited states, the line intensities, and the intensity
ratios are discussed in §4. We obtain the radiative power loss, the effective ionization
rate, and the effective recombination rate in §5.

2 Collisional-Radiative Model

The population densities of excited states are calculated by the CRM. We assume the
quasi-steady state for excited states and solve the rate equations including all transitions
between excited states. The raie equation for the population density of level i, n;, is

B0 SOt A + 3O Ia) + X A6
—S(i)n(D)ne + [aa(i) + ar(i) + u(D)ne]nen(Fe®t )
=0 fori>1, 1)

where C(i,4) is the collisional excitation / deexcitation rate coefficients from the level i
to j, A-(i,7) is the radiative transition probability from i to j, n. is the eleciron density,
n{Fe?3t ) is the density of Fe®+ ground state 1s?2s, 5(¢) is the ionization rate coeffi-
cients from the level 7, a4(7) is the dielectronic recombination rate coefficient, a.(7) is the
radiative recombination rate coefficient, and «,(¢) is the three-body recombination rate
coefficient to the level i, from the ground state of Fe+ ions.

The population densities are solved as a combination of two parts; one is proportional
to the density of the ground state of Fe??* | and the other is proportional to the density of
the ground state of Fe?3t . We call the former part an ionizing plasma component and the
latter a recombining plasma component. The rate equations can be solved separately as
a pure ionizing plasma which is governed with the collisional excitation from the ground
state and does not include the recombination processes, and as a pure recombining plasma
which is governed with the recombination processes and does not include the collisional
excitation from the ground state:

n(i) = Ni(i)n, + Na(i)n(Fe+ ), (2)
P o S0+ A NG+ 5 CLIRNIG) + 3 A DNIG)
i# iFl i>i
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iF FEIM ] F>i
—S(D)Ng(i)n, + [@a(i) + - (2) + au(i)ne]ne
= 0. (4)



We can then obtain the population densities of the excited states for a plasma in
ionization equilibrium or for a non equilibrium ionization plasma assuming any density
ratio of the Fe?** ground state to Fe??* ground state, n(Fe?+ )/n;.

We define the effective emission rate coefficients, which is the emission line intensity per
electron and per ion, for ionizing plasma component and recombining plasma component
as follows:

CiH,5) = Au(i, HINHE) /R, (5)
Ci(4,5) = A6, /)Ng(i)/ne.. (6)

'3 Atomic Data
3.1 Energy Levels and Transition Probabilities

All 98 fine structure levels of 1s?2snl 25+1L; and 1s%2pnl 25+, states with n < 4 are
considered. For 5 < n < 10 levels, we considered 1s?2snl ?5+1[ and 1s22pnl 25+1L
configurations (328 levels). We treat 1s?2sni states bundling together with different [
levels for n = 11 — 70, since the energy difference between different ! levels with the
same n becomes quite small for large n levels. Above a critical levels with the principal
quantum number n. the population densities of the excited states are governed by the
collision processes and the levels are in the local thermodynamic equilibrium. The critical
quantum number 7. is estimated with hydrogenic approximation as

7 x 10%cm~3 { kT, \* 2T _ :

where [y is the ionization potential of Hydrogen and Z.;s is the effective charge and
Zefr = Z — 3 for Be-like ions where Z is the nuclear charge. The critical quantum number
then becomes about 76 at n. = 10*cm=? and T, = 1keV, or 34 at n. = 10¥%m=3 and
T, = 1keV. For the former case the levels inciuded in the CRM is slightly incomplete
but the effect to the population densities is negligible. The 1s?2pn! states with n >
11 are autoionizing states; above the ionizing threshold, 1s?2s. We do not include the
autolonizing states in the CRM.

Energy levels and transition probabilities of n < 4 states are calculated by SUPER-
STRUCTURE code of AUTOLSJ method (Paper I). For 5 < n < 10 those are calculated
with the Cowan’s code. For 11 < n < 70, energy levels under the ionization limit are
calculated with screening theory (Safronova et al. [18]), and transition probabilities are
calculated with hydrogenic approximation.

We have included a magnetic quadrupole transition probability for 2s? 1S, — 2s2p 3P,
(Nussbaumer & Storey [19]), magnetic dipole transition- probabilities for 2s2p(*Py — 3P;)
and for 2s2p(®P; — 3P») and an electric quadrupole tra.nsmon probability for 2s2p(3P, —
3P,) (Bhatia and Mason [20]).



3.2 Collisional excitation Rate Coeflicients

We have adopted data by Zhang & Sampson (1992) [21] for the An = 0 transitions with
n=2, and data by Sampson, Goett, & Clark (1984) [22] for all fine-structure transitions
between n = 2 and n = 3. We have used modified Mewe’s empirical formula {23] for
other transitions. The excitation rate coefficients calculated by Mewe’s empirical formula
are checked for available transitions with above data. Details on the modifications are
described in Paper I. Two electron transitions between n > 7 levels such as 2591 - 2p7l
are ignored. '

We have included the proton collisional excitation for the three fine-structure transi-
tions in the 2s2p 3P levels, using the cross section given by Doyle [24].

3.3 Recombination and Ionization Rate Coefficients

In this section we consider the recombination from Li-like ground state 1s2s and the
ionization to the Li-like ground state.

3.3.1 Dielectronic Recombination Rate Coefficients

The dielectronic recombination process from Li-like Fe ions to Be-like Fe ions,

Fe®t (1s?28) + ¢~ — Fe??t ""(1s™2pni(n > 11),1s%3l1n'l5)
—  Fe?* *(1522snl, 1s*2pn'l'(n < 10)) + hy, (8)

is examined. The energy levels, the autoionizing rate, A,, and the radiative transition
probabilities, A,(i,7), are calculated with use of the Cowan’s code and we obtain the
dielectronic recombination rate coefficients to the level j of Fe?2* * ag

adin) = S22 5 Qut ) exn (- 242, ©

with

cay= L (" (10)
T 2\ 2amkT. ]

Lo g(z)Aa(Zazﬁ)Ar(va)
Qa(i, J) = E,;a Al i) + Tx A, k)’ ()

where i is the ground state of Fe®t | &, indicates excited and ground state of Fe®* | g,
and g(i) are statistical weight of the ground state of Fe®* and autoionizing state (1) E (1)
is the energy difference between the autoionizing state (i) and the ground state of Fe”* ion
{i9), and T, is the electron temperature. We calculate the dielectronic recombination
rate coefficients for the levels with principal quantum number » < 10 by the Cowan’s
code. For the rate coefficients of 2snl levels with n > 11, we use the scaling formulae
for A, and A, to estimate the recombination rate coefficients. The transitions through
the autoionizing states of 2pnl and 3pnl are only considered when scaling formulae are
used. Other transitions through 3l;nl, (I; # p) state can be neglected. For the transition
through 3pnl states A, and A, can be scaled with using the values at n = 7:

A(3pnl — 2snl) ~ A(3pTl — 2571), (12)



A (3pnl — ig) = A(3pTl — ip)(7/n)?, (13)
and then the dielectronic recombination rate coefficient is

C(T2) (i) Aa(3DTL i0)(7/n)° Ar(3p71, 2571) (__ E,(spnt)) "
G0 o AT i) T/ + 5 Ao B P\ ) Y

For transition through 2pnl states, A, and A, are scaled with using values at n = 11,
similarly to 3pni.

Figure 1 shows the n dependence of the recombination rate coefficients. The rate
coefficients to 2pnl levels are larger than those to 2snl. The rate coefficients to n > 11
levels decrease nearly in proportional to n~* because of the scaling law assumed above.

The dielectronic recombination process emit satellite lines as the radiative trapsitions
from the autoionizing states to the bound states. The line intensity of the satellite lines
can be calculated as,

Cid) = Is/(nem)

e a2 e
3.3x 1072 ( 1:;) (ng 3 )) (LPZ—)) photons st (15)

aglig, 2snl) ~

3.3.2 Radiative Recombination Rate Coefficients

The radiative recombination rate coeflicients are obtained from the photo-ionization cross
section with use of the Milne Relation {e.g. Rybicki and Lightman 1979). The photo-
ionization cross sections for 2snl states with n < 4 are calculated by Clark, Cowan, and
Bobrewicz (1986). With their cross section, the rate coefficients are calculated as

e

3/2
o,.(i) = 4ze (W) gi;) exp(x:) f o (u)u® exp(—xsu)du, (16)
where x; = €/kT., u = hv /e, € is the ionization potential of the level i, and g, = 2 is
the statistical weight of electron.

For 2snl states with n > 5, the radiative recombination rate coeficients are estimated
with the photo-ionization cross sections of hydrogemc approximation assuming the Gaunt
factor as unity.

2 32
arli) =260 x 102D L (LT o3y s, (17
where n i3 the principal quantum number, Z is the effective charge, Ei(z) is the expo-
nential integral.

The radiative recombination rate coefficients from the ground state of Fe®* jon to
2pnl levels is taken to be zero. In order to include the radiative recombination to 2pnl
levels, we need the population density of 2p level of Fe?*t | which should be obtained with
a Collisional-Radiative Model for Fe®** ion. So, we do not include such recombination
process.

In Fig. 1 we also plot _the n dependence of Q. The @, and oq t0 the 2snl states are
comparable. However, because of no transition of a, from the Li-like ground state 2s to
the 2pnl states, total radiative recombination rate is smaller than the total dielectronie
recombination rate.



3.3.3 Three Body Recombination Rate Coefficients and Ionization Rate Co-
efficients

The three body recombination process is the inverse process of ionization by electron

impact. 22
o gld) h? &
ault) = 2g (27rmk"ll,) S()exp (kT ) (18)

where ¢; is the ionization potential of the level i as in §3.3.2. The ionization rate coefficient
from the level i, 5(¢), is estimated with the Lotz’s formula (Lotz 1967).

£ oo g~ Gt o] Y
S(i) = 6.6 x 107 aibs {i/ ° dr— bie / E——dy}cms g (19)

XiJu Xi+C Sfavre Y

where y; = ¢;/T.(eV). The parameters for the excited states are set to §; = 1, a; =
45 x 107 em?*(eV)?, and b; = ¢; = 0.

In Fig. 2 the temperature dependences of the total recombination rate coefficients at
low density lmut a4, o, and o;n, are plotted for T, =100eV-10keV. Here the total means

a; = Z a4lio, 7), (20)
Q. = Z ar(J )’ (21)
N, = Z o(J)ne, (22)

where the level j is taken up to 1s?2snl with n = 70.

The three body recombination rate coefficient with eq.(18) should be multiplied with
the electron density. In this work we mainly consider the electron density of 10! —
10 cmm—2 and the a,n, is much smaller than a4(i) and ¢, () at the electron density.
The three body recombination rate coefficient becomes dominant when n, >107cm™3
at T. = 1keV or when n.>10%m2 at 7. = 100eV. As mentioned in §3.1 population
densities of higher n levels which satisfy n > n. (eq.[7]) are considered in the LTE. In order
to take into account the effect of the collisional processes in LTE population densities, we
define the effective recombination rate coefficient which is the actual recombination rate
coefficient into the ground state as follows,

Cl{e_ﬂ’ - Z n(j)(A,-(j, 1) + C(Jv l)ne)/ne + 04,..(1) + ad(l) + at(l)nea (23)

i>1

where index 1 means the ground state. The effective recombination rate coefficients with
the results of the CRM in the density region of 10" — 10em~2 give the same values as
the total recombination rate coefficient,

Qpor = O + 0 + QT = Z{ad(ioa J) + e (§) + o(fIne}, (24)
i

in Fig. 2. It is because the direct recombination to the levels higher than n. is small
as shown in Fig. 1. The density effect of the effective recombination rate coefficients is
discussed in Ref.[27].



4 Results

4.1 Population Densities
4.1.1 Electron density dependences

Density dependences of the population densities of the ionizing plasma component, Ny(7),
are presented in Figs. 3 and 4. At n. <10%%cm™3 the effect of collisional ionization is
small and the density dependences are the same as in Paper I. Metastable state, 252p 3P,
has constant population density at n. < 10*%em™? because the radiative decay rate to the
ground state is zero. Population densities of the other levels increase in proportionally
to the electron density in the low density region, n, <102cm™3. However in the region
of n. > 10%cm~3, each Ny{(i} approachs a constant value whith is smaller than one in
Paper I, because the ionization from the excited states was not included in Paper I. The
collisional ionization becomes significant at n, > 10*'cm=3 at T’ = 1keV. Comparing Figs.
:3a to 3b, we find that the collisional IOHIZ&tIOIl is tiot significant at T = 1006V and
there are no decrements of the population densities of ionizing plasma component at high
density limit, which are seen for N;(i) of n = 2 levels at T = 1keV.

The population densities of the recombining plasma component, Ng(i), approach to
be distributed with the Saha-Boltzmann distribution, nsg(), at high density limit:

. 5 \3/2 (i
nsp(i) = 92(;0) (QTFTf:LkT) n(Fe®+ In.exp (_k(T)) . (25)

In Fig. 5, Ng(4)/(n.g(¢)) is plotted as a function of the electron density and it approaches
to a constant value at higher electron density, as expected.

When the temperature becomes lower, the Saha-Boltzmann population density as seen
in eq.(25) becomes higher. The difference due to the temperature is significantly seen for
n = 3 and 4 levels when we compare Figs. 5be with 5ef. At T = 100eV the recombining
plasma component, Ng(i)/g{i)ne, increases for n.>10%%em—3 and reaches constant value
at ne > 10%*em™3 as shown in Fig. Sef. o

At intermediate density region both pepulation density components, N; and Ny, are
affected by the collisional excitation from the metastable states, 2s2p 3Py, 3P and colli-
sional excitation/de-excitation to/from other excited states

4.1.2 The Effect of Radiative Cascades -

In Paper I we found that radiative cascades from upper levels are important for the popula-
tion densities especially at higher temperature. Such cascades are basically important for
the population densities of recombining plasma component, since the population densities
of higher n levels are populated much easier by recombination process than by excitation
process. Here we examine about radiative cascades from n > 5 levels, comparing with
results of the CRM with n < 4 and those of the CRM with n < 70. In Fig. 6 the ratio of.
the population density calculated with the CRM ineluding n < 70 to that with the CRM
including n < 4 for ionizing plasma component and for recombining plasma component
sepa.ratelv is plotted for each level.

" For the 1 mmzmg plasma component, the p{}pulatlon den31t1es of the metastable state,
2s2p 3P, for example, are enhanced about 10 % - 18 % at T, = 1keV and n, = 10%cm =3
through radiative cascades from higher levels. In general, the population densities of
triplet levels are much more enhanced than those of the singlet levels, and the 2pnl levels



than the 2snl levels, as found in Paper I. The contribution of the cascades increases as 7,
increases, which is similar to what we saw in Paper I for cascades from n = 3 — 4 levels
onto n = 2 and 3 levels.

For the recombining plasma component, the enhancement of the population densities
by radiative cascades from n=5-70 are more significant than the ionizing plasma compo-
nent. The population densities of the metastable states are larger than the result of the
CRM with n = 2—4 by factor 2. For the recombining plasma component the contribution
of the cascades does not change so much with the electron temperature.

4.1.3 Contribution of Recombination Processes

In order fo see the relative contribution of the recombination processes to the population
densities, here we examine the ratio, R(¢) = Ng(7)/N;{¢), as a funetion of n.

n(i) = Ni{i)m (1 + R()n(Fe®* )/ny). (26)

We simply take an average for R(:) with the same principal quantum number n and plot
it in Fig. 7 for T, = 1keV and n, = 10 cm=3. R(?) increases with increasing n, especially
for 2pnl levels. For 2snl singlet levels R(:) is less than 0.1 in average. These mean that
the recombination processes contribute much to the population densities of triplet levels
and 2pnl levels.

When the electron temperature increases, R(i) decrease generally, because Ny(%) in-
creases or decreases slowly with the electron temperature and Ng(7) on the other hand
decreases faster.

4.2 Line Intensities

Figure 8 shows the synthetic spectra for pure ionizing plasma of Fe??* ion {only ioniz-
ing plasma component) (Figs.8a,b,c,d,j.k,q), pure recombining plasma (only recombining
plasma component) (Figs.8e,f,g.1.m,n,1,s), and the dielectronic satellite lines from Fe*** to
Fe??t (Fig.8h,i,0,p,t,u). Figs.8a, 8b, 8e, 8], 81, 8g,and 8r are spectra for a plasma at
n. = 104cm™3 and T, = 1lkeV (1.16 x 10°K). Figs.8¢, 8&f, 8k, and 8m are for a plasma
at n, = 10%cm—3 and T, = 1keV (1.16 x 107K). Figs.8d, 8g, 8n, and 8s are for a plasma
at n, = 10*%em™2 and 7, = 100eV. Figs.8h, 80, and 8t are the dielectronic satellite
lines at T, = 1keV and Figs.8i, 8p, and 8u at 7, = 100eV. The lines which are strong
in ionizing plasma are different from those in recombining plasma. In Tables 1-3 strong
lines either for ionizing plasma component or recombining plasma component are listed
with their transitions, transition probabilities, A (s!), wavelengths, A (A), and effective
emission rate coeflicients for ionizing plasma component, CH(i, 1), and those for recom-
bining plasma component, C57(i, ), at T. = 1keV and n, = 10Mcm~3. Table 1 is for
wavelength regions of A = 100— 300A (mainly An = 2— 2 transitions), Table 2 for 10—13
A (mainly An = 3 — 2 transitions), and Table 3 for 6 — 10A (An = n’ — 2 transitions
where n' = 4 — 10). These wavelength regions are corresponding to Figs.8a-i, Figs.8j-p,
and Figs.8q-u, respectively. In the tables we also list wavelengths published already for
comparison [28]. The accuracy of our wavelengths is order of a few percent. In this paper
we are interested in line intensities, not in wavelengths, so we do not discuss the difference
further. The spectra and effective emission rate coefficients can be compared directly if
the ion abundances of Fe22* and Fe®t are equal. At T, = 1keV and n, = 10Mcm = the
emission lines of the pure recombining plasma are 10 times or much weaker than those



of the pure ionizing plasma. If a plasma is in ionization equilibrium, the ion abundance
ratio of Fe?+ to Fe* is 1.1 at T, = lkeV [15].

The satellite lines from Fe?* to Fe?* calculated with eq.(14) (Figs.8h,i,0,p,t,u) are
factor 5 or much weaker than the spectral lines of the pure recombining plasma (Fig.Se,
g, I, n, r, 8). This result is quite different from the prevmusly estimated intensities of
satellite lines by empmcal formula by Mewe, Gronenschild, and van den Oord (1985) [11].
Their model gives the Be-like iron satellite lme intensities which have about 30% of the
emission lines produced by direct excitation at T, = 1keV.

In Paper I we chose 17 strong lines in an ionizing plasma and studied the electron
demnsity and electron temperature dependences of these lines and of the 14 line ratios. But
here we select some more different lines for n = 2 — 3 transitions which are not contami-
nated with Fe?** lines. (For FeXXIV lines, see Shirai et al. 1990 [28], for example.) We
show the effective emission rate coefficients {eq.[5]) of selected lines as a function of the
electron temperature in Fig. 9 for n, = 10™*cm = and n. = 10" cm™3.

At n, = 10" = 10'%m 3, the population densities-of n. > 3 most levels and the
line intensities emitted from such levels do not depend much on the electron density.
Exceptions are tramsitions which upper levels have connections with 2s2p or 2p? levels
with the collitional excitation. As seen in §4.1, the population densities of 2s2p and 2p?
levels strongly depend on the electron density.

The effective emission rate coefficients of the ionizing plasma component of n = 2 — 2
transitions are decreasing functions of the electron temperature for 7, > 100eV, except
for the transitions which upper levels are 2p? levels, becuase the population densities of
these levels are stronly enhanced by cascades from higher levels as we found in Paper
L On the other hand, the effective emission rate coefficients of the recombining plasma
component are decreasing functions of the electron temparture and the recombination
processes enhance the intensities at low temperature region when both components are
comparable as seen in Fig. 9. In the figures the total effective emission rate coefficients
m non-equilibrium ionization plasma with assmuing the ion abundance ratio of FeZt to
Fe** jons or in the ionization equilibrium plasma, are plotted.

Forn = 3 — 2 and n = 4 — 2 transitions the effective emission rate coefficients of
lonizing plasma component are increasing funetions of the electron temperature and have
a peak at around a few keV, so the contribution of the recombining plasma component
to the line intensities of the equilibrinm plasma can be significant at low temperature
regton. The contributions of the recombining plasma components become important in
non-equilibrium ionization plasma, or photo-ionized plasma heated by X-ray radiation at
low electron temperature. At higher temperature region, contributions of the recombina-
tion plasma componet are small.

4.3 Line Intensity Ratios

The electron temperature and density dependence of the intensity ratios are useful for
plasma diagnostics.

Figure 10 shows the temperature dependences of the intensity ratios of some line
pairs for n, = 10™cm=2 and for n. = 10em=>. The spectral lines are indicated by
i—7of C'eff(z j), which is listed in Tables 1-3. In Fig.10 a solid line shows the in-
tensity ratio for pure ionizing plasma (the ratio of i ionizing plasma ‘components only:
c, 5)/ Cff f(k,1) ), and a dotted line shows the ratio for pure recombining plasma (re-
- combining plasma components only: C57(4, j)}/C¥( (&, 1)). A dashed line shows the ratio



for ionization equilibrium plasma, and dot-dashed lines show the ratios of non-equilibrium
ionizing plasma with given ion abundance ratio, r, of Fe*** and Fe??* from 0.1 to 300:
{CHT (G, 5y + CHP (6, )+ N CEH (e, 1) + Ceff(k I} + r)}. The temperature dependences
are not strong for most line intensity ratios. Some line ratios of the ionizing plasma
components vary as ~ T9- and others have weaker dependences on T,. The intensity
ratios of purely recombining plasma components for the transitions are nearly constant
and almost independent on the electron temperature. So the temperature dependences
of the line intensity ratios for ionization equilibrium plasma becomes weaker, comparing
with the temperature dependences of those for purely ionizing plasma components. Some
ratios of both ionizing plasma components and recombining plasma components, such as
R(20-5/45—9) = R(2s3d D —2s2p 'P/2p3d 'F —2p? !D), have weak dependences on the
electron temperature, but the ratio with assuming the ion abundance ratio, n{Fe®* )/n;,
strongly depends on T,. We expect that such ratios can be used to measure the ion
abundance to check whether the plasma is in ionization equilibrium or not.

4.4 Radiative Power Loss

The radiative power loss due to line emissions is important to examine a plasma of
T. ~ 1lkeV, since it is the dominant loss comparing to other processes such as the
bremsstrahlung. The line radiation power loss per ion per electron per volume is ob-
tained with

Plz'ne,I = Z AT(Z1J)ATI(Z)E(?’73)/77’€S
if

= > 6, NEG ), (27)
I:)Iz'ne,R = ZA (3 j NR(z)E(z,])/ne,
E ZCeff(z /B, ), (28)

for ionizing plasma component and recombining plasma component, respectively. E(i,j)
is the energy of the transition. For ionizing plasma component it is the loss per Fe*** ion
and for recombining plasma component it is the loss per Fe*** ion.

Total radiative loss due to Fe?®* ions is illustrated as a function of the electron tem-
perature in Fig. 11a and as a function of electron density in Fig. 11b. The power loss
by the iomizing plasma component slightly increases as the femperature increases, but
the power loss by the recombining plasma component decreases. For a comparison the
radiative power loss due to FeXXIV lines is plotted in Fig. 11a, which is about two times
smaller than that due to FeXXIII lines.

The electron density dependence of the line radiation power loss is weak at n, < 101%cm ™2
At higher density, n. > 10%m™3, both components of the power loss decrease with in-
creasing density.

The power loss by the recombining plasma component is smaller than that by the
ionizing plasma component for the equal ion abundances of Fe”* and Fe®* . The loss is
enhanced slightly at higher temperature in the ionization-equilibrium plasma, compared
to that in the ionizing plasma. If plasma is not in ionization equilibrium, the power
loss due to the recombining plasma component would not be negligible at low electron
temperature.

— 11—



The power losses by the bremsstrahlung, the radiative recombination, and the satellite
lines through the dielectronic recombination {from Fe?3* to Fe?2+ ) are also plotted in the
Fig. 11a. The loss by the bremsstrahlung is calculated with

Pirems = 1.5 x 1072T}2Z2, g5 erg s~ tem?®, (29)

where T, in eV, and the Gaunt factor, gp, is assumed as unity. The ratio, Pirems/ Piines s
is 7.7 x 1073 at T, = lkeV and n. = 10%cm™3, when comparing with the loss by the
ionizing plasma component.

The radiative recombination process emits continuum radiation through free-bound
transitions. The loss is calculated with the photo-ionization cross section, which is taken
from Clark et al. (1986) for 2snl (n < 4) states. For 2snl (n > 5) states the cross section
1s estimated with hydrogenic approximation as described in §3.3.2.

r o0
P.. = 1.05x107107732%" gg}»e?ex" /1 ot (w)u® exp(—xiu)du
i 0

Z4
+ 3417 x 1079 =T erg s7'em?, (30)
n>5 n
where 02/ in cm=2. This loss is smaller by factor of 3 than the loss due to the bound-bound
transitions of the recombining plasma component at 7, = 1keV.

The power loss by the satellite lines of the dielectronic recombination is calculated
with eq.(14) as
Poar = 3 CI(i, )AE(, 5), (31)
%7
where AE(i, 7) is the transition energy from the auto-ionization states to the bound states
and the summation is done for the all transitions considered in §3.3.1. At 7, = 1keV this
loss is about factor 4 smaller than the loss by the bound-bound transitions of recombining
plasma component.

5 Summary

We have constructed the collisional-radiative model for Fe??* ions, taking into account
the recombination processes from Fe?* ions. We can treat high density plasma and non-
equilibrium ionization plasma with our CRM. With this model we obtain the electron
density and temperature dependences for the population densities of the excited states,
the line intensities, the intensity ratios, and the radiative power loss due to the line
emissions.

For astrophysical and laboratory plasmas where electron density is lower than 102%cm 3,
the electron density dependences of the population densities and line intensities are small
except for some levels affected by the metastable states with collisional excitation.

The line intensity ratios depend both on the electron temperature and ior abundance
ratio of Fe** jon to Fe®* ion. Since some ratios are sensitive to either the electron
temperature and/or the abundance ratio, we can usethem to measure both-these physical
parameters.

—12-
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Figure 9: continued.
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Data and Nucl Data Tables 4 4(1980)133]

T. Kaneko,
Partial Electronic Straggling Cross Sections of Atoms for Protons; Mar. 1990

¥. Fujimoto, K. Sawada and K. Takahata,
Cross Section for Production of Excited Hydrogen Atoms Following Dissociative Excitation of Molecular
Hydrogen by Electron Impact ; Mar. 1980

H. Tawara,

Some Electron Detachment Data for H ™ Ions in Collisions with Electrons, lons, Atoms and Molecules —
an Alternative Approach to High Energy Newtral Beam Production for Plasma Heating—:Apr. 1990

H. Tawara, Y. ltikawa, H. Nishimura, H. Tanaka and Y. Nakamura,
Collision Data Involving Hydro-Carbon Molecules ; July 1990 [Supplement o Nugl. Fusion 2{1992}25]

H.Tawara,
Bibliography on Electron Transfer Processes in Ion-lon/Atom/Molecule Collisions —Updated 1990-; Aug.
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U.L.Safronova, T.Kato, K.Masai, L A Vainshtein and A.S.Shiyapzeva,
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T. Kaneko, T. Nishihara, T. Taguchi, K. Nakagawa, M. Murakami, M. Hosono, S. Matsushita, K. Hayase, M.Moriya,
Y.Matsukuma, K.Miura and Hiro Tawara,

Partial and Total Electronic StoppingCross Sections of Atoms for a Singly Charged Helium Ion: Part I
Mar. 1991

Hiro Tawara,

Total and Partial Cross Sections of Electron Transfer Processes for Be9" and BT Ions in Collisions with
H, H, and He Gas Targets -Status in 1991-; June 1991

T. Kaneko, M. Nishikori, N. Yamato, T. Fukushima, T. Fujikawa, S. Fuijita, K. Miki, Y. Mitsuncbu, K. Yasuhara, H. Yoshida
and Hiro Tawara,

Partial and Total Electronic Stopping Cross Sections of Atoms for a Singly Charged Helium lon : Part H;
Aug. 1991

T. Kato, K. Masai and M. Amaud,
Comparison of lonization Rate Coefficients of lons from Hydrogen through Nickel ; Sep. 1991

T. Kato, Y. ltikawa and K. Sakimoto,
Compilation. of Excitation Cross Sections for He Atoms by Electron Impact, Mar. 1992

T. Fujimoto, ¥. Koike, K. Sakimoto, R. Okasaka, K. Kawasaki, K. Takiyama, T. Oda and T. Kato,
Atomic Processes Relevant to Polarization Plasma Spectroscopy : Apr. 1992
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Electron Stripping Cross Sections for Light Impurity Ions in  Colliding with Atomic Hydrogens Relevant to
Fusion Research; Apr. 1982
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Apr. 1993
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Dielectronic Recombination Rate Coefficients to the Excited States of C I from C II; Aug. 1994
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Mar. 1995

T. Kato, L. Safronova, A. Shiyaptseva, M. Comille, J. Dubau,
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Aug. 1995

n'=2,3 and 4;
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like Al Ions in the Recombining Plasma; Sep. 1995
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Dielectronic Recombination Rate Coefficients to the Excited States of CI From CH:Jan. 1998

Y. Yamamura, W. Takeuchi and T. Kawamura,
The Screening Length of Interatomic Potential in Atomic Collisions; Mar. 1998
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