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Abstract

We have calculated the dielectronic recombination rate coefficients from Li-like Ne (Ne”™ ) ions to
Be-ike Ne (NeT ) ions for selected excited states of Nef™ ions. A collisional-radiative model (CRM)
for Ne®t ions is constructed to calcnlate the population density of each excited state in non-equilibrium
ionization plasmas, including recombining processes.

NeVII spectral line intensities and the radiative power loss are calculated with the CRM. A density
effect caused by collisional excitation from the metastable state 2s2p 2P is found at an eleciron density
of 10° — 107cm ™3, The collisional excitations between excited states become important at high electron
temperature T. >100eV:
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1 Introduction

Rapid injection of neon gas, the so-called neon gas
puff, has been proposed as a technique to increase
the radiative power loss from a divertor plasma, and
for this reason it is important to study the power loss
from recombining plasmas. Ishijima et al. (private
communication, 1997) measured spectral lines of Ne
L shell ions in a divertor plasma of the JT-60V) after
neon gas was injected. Detailed plasma diagnostics
was not performed because of lack of fundamental
theoretical information, however, the recombination
processes were expected to be important there.

For astrophysical plasmas neon is one of abundant
elements in space and NeVII lines are observed in, for
example, solar plasma [1, 2], central stars of planetary
nebulae [3], X-ray binaries [4], active galactic nuclei
(5], and galactic halos [6]. The recombination pro-
cesses are important for photoionized plasmas with
low electron temperature.

Here we focus on Be-like neon, Ne®T | to estimate
line intensities and radiative power loss as functions
of electron temperature and density. For this purpose
state-selective dielecironic recombination (DR) rate

coefficients from the Ne’* ground state to Nef* excited

states as well as the ground state are calculated.

The NeVII spectral lines have been studied by
Lang (7], Kingston et al. [8], Mewe et al. [9], Keenan
et al. [1], and Keenan [10]. Lang ard Kingston et al.
studied an lonizing plasma and did not consider any
recombining processes. Mewe et al. calculated spec-
tral lines in X-ray region assuming ionization equi-
librium. They used empirical formulae to estimate
intensities for the satellite lines.

In this paper we study the NeVII speciral lines
in non-equilibrium using a coilisional-radiative model
(CRM). In §2 we describe the DR processes and show
calculations of the DR rate coefficients. In §3 the
CRM is described with the atomic data used in the
model. The population densities of Ne®* excited states
obtained by the CRM are examined as well as the
effective emission rate coefficients and effective re-
combination rate coefficients. In §4 the calculated
spectral line intensities are discussed for electron den-
sity diagnostics. The radiative power losses by NeVII
spectral lines, the satellite lines, and the continuum
are also discussed. We summarize in §5.

2 Dielectronic Recombination Rate
Coeflicients

The DR process from Ne'™t to Neft jons has been
studied (e.g. Ref. [16]), but most of the work was
interested in the total recombination rate coefficients
from the view poi'nt of ionization balance. In order
to get information about spectral lines in a recombin-
ing plasma, we need state-selective rate coeflicients.
Here we calculate the DR rate coefficient for each fi-
nal state, i.e. the excited state of Ne®* ions.

The DR to excited states occurs by electron cap-
ture from the ground state of Ne™  ions to doubly
excited states of Ne®+ ions, followed by radiative de-
cay to the bound states of NeSt ions. That is,

—  Ne®* "(1s*2pnl, 15%31;1 nl2)
—  Neb+ "(1s?2[nl") + hv. (1)

Ne™ (1s%2s) +e~

The 15 2pnl and 1s? 3{,3l; are taken into account
as the doubly excited intermediate states here. The
dielectronic recombination rate coefficients are ob-

tained as
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- where 7 denotes a final bound state; { a doubly ex-

cited state; ig the initial state which is 1s% 25 level;
and iy a possible final state for auto-ionization such
as 1s? 2s and 1s? 2p states from 3I,nls states. The
statistical weight of the initial state i (1s*2s ground
state) is go; g(7) a statistical weight for a doubly ex-
cited state; A,{¢,%p) an auto-ionization rate from 1
to ip state; A.(7,7) a radiative transition probability
from i to j state; and E.(i} a level energy of auto-
ionizing state ¢ measured from 15°2s level. T, is an
electron temperature.

For Ne®t ion, 2pnl states with principal quan-
tum number n > 7 are auto-ionizing states which
are above the ionization limit, although 2snl states
are always below the ionization limit. Al 3inl’ are
auto-ionizing states. Here we have calculated energy
levels and rates A, and A, with the Cowan’s code
for 2snl and 2pnl states with n < 9 and [ < 6 and

_3inl with n < 6 and { < 5. The results are listed in



Tables 1-5 For the most case, A, > A, and then Qg
is roughly estimated as Qq(%,7) = g{i)A, (3, 7).

For estimating contributions from auto- ioniza-
tion states with higher n levels to the rate coefli-
cients and for estimating the rate coefficients of final
9snl levels with higher n, we use empirical scaling
laws. For transitions through 2pnl levels, A, and A,
are estimated by using the hydrogenic approximation,

Ar(p = g) o 1/{(#* — ¢*)pg} (Ref. [11]):

A, (2pnl — 2snl) =~ A.(2p9l,2591), (4)
2 _ 02

Ar(2pnl = 2pr'l’) ~ A.(2p91, 2pn'z')w,

(3)
> A2pnl) > ) A(2p9 — 250l
n'l’
+3° A(2p91 = 2pn'T)(9/n)*,  (6)
n'l -

Aa(2pnl) ~ A,(2p91)(9/n)*. (7

We extrapolate from n = 9 for the scaling. When
n' > 9 and n, the scaling factor in eq.(5) becomes
(9/n)%. For the 3In'l' levels with n’ > 6, we only
take into account transitions through 3pni {o 2sni:

A, (3pnl — 2snl) ~ A, (3p6l,2s6), (8)

> A@pnl) > Y A(3p8I)(6/n)7,  (9)
'l

A, (3pnl) ~ A,(3p61)(6/n)®, (10}

3 Au@pnl) = Y A(BpEl)(6/n). (1)

i %
The energy levels for high n states are estimated
with asymptotic formula given by Safromova et al.

[12].

E(15%2snl) ~ E(1s%2s) — 21? (z —3+ %)2 ’
- (12)

E{1s*2pnl) ~ E(1s*2p) — 37 (Z —3+ %) ,
(213)

E(1s%3pnl) ~ E(1s%3p) — 21? (Z _3+ % ,
(14)
bi(f) = 2ao(ls,]) + ao(2s,1), (15)
Ba(l) = 2ao(ls,l) + ao(2p,0), (16)
bs(l) = 2ao(ls,i) + ao(3p, 1), (17)

where ag(n'l’, 1) are taken from the Table Il in Ref.[12].

Figure 1 shows the electron temperature depen-
dence of the DR rate coefficient for each final bound
state of Ne®+ up to n = 5. The transitions from the
intermediate states 2pnl (n > 7) have a maximum at
T. ~ 2 — 3eV for the DR rate coeflicients and those
from 3inl' states have a maximum at T, ~ 30—100eV.

Figure 2 shows the n dependence of the DR rate
coefficient of the final 2sni and 2pnl states. The
rates of the same nl levels are added. At higher »
the rates decrease rapidly. At T, = 10eV, only the
recombination through the intermediate states 2prnl
contributes to the DR rate coefficients, however, at
T. = 100eV there are two processes, ie. through
2pnl and 3pnl! intermediate levels, contributing the
DR rate coefficients. The transitions from 3pnl to
92snl with » = 4,5, and 6 dominate the DR rate co-
efficients and smooth out the zigzag distribution of
n.

The DR rate coefficients of 2sni levels with n < 6
are signiﬁcantly different from those with n > 7. The
latter is dominated by allowed transition from 2pnl
to 2snl at low temperature. However, for the lower
levels 2snl with n = 4,5, and 6, the dominant transi-
tions through the anto-ionizing states are from 2pni
with n > 7 to 2snl which are two electron {forbidden)
transitions and the transition probabilities are small.
Therefore DR rate coefficients for n = 4, 5, and 6 are
supposed to be small.

TIn addition configuration mixing affects the n dis-
tribution of the DR, rate coefficient for n = 3 — 6 lev-
els, causing the zigzag feature at low temperature. It
happens that the mixing of 2s3d and 2p3p configura-
tions (Table 6a) is larger than the mixing of 2s4d and
2p4p configurations (Table 6b). Similarly the mixing
of 2554, 2p4p, and 2p4f configurations is large (Table
7a), but the mixing of 2s6d, 2p3p, and 2p5f configu-
rations is small {Table 7b). Also, the mixing of 2s5g
and 2p4f configurations is very large (Table 8a), but
the mixing of 2s6g and 2p4f is small. The large inter-
action between 2s5g and 2p4f configurations can be
explained by the level distribution. As seen in Table
1, the energy levels of configurations 2p4l are very
near to levels of configurations 255/, and rather far
from levels of configurations 2s4l, for example. These
features cause larger A, and hence larger a4 of 253l
and 2s5I, but smaller g for 254l and 2s6l levels.

Figure 3 shows the accumulated DR rate coeffi-
cient for n, apr(< n,!) as a function of n. The 2pnl
levels with only n < 6 are the final states which are

below the ionization limit. The total accumulated



DR rate at n ~ 100 is about factor 2 larger than that
at n ~ 10. Because the number of states and the sta-
tistical weights increase with n, the accumulated DR
rate coefficients still increase slowly at high n, even
though each rate coefficient decreases with n™3.

Figure 4 shows the n dependence of the final bound
states 2snl and 2pnl for the rate coefficients. For
fixed n the rate coefficients are summed with [. This
shows that at n < 6 the rate coefficients to 2pn! lev-
els are larger than those to 2snl levels. When elec-
tron temperature is low, the rate coefficients to 2snl
with higher n levels are not negligible. The radia-
tive recombination rate coefiicients are plotted for a
comparison (see §3.2).

Figure 5 shows the total rate coefficients as a func-
tion of electron temperature. Here we take into ac-
count levels with principal quantum number n up
to 500. In the figure the contributions from differ-
ent processes classified with doubly excited states is
shown. At low temperature the recombination pro-
cess via 2pnd states dominates. Especially at T, <50eV
the transitions through 2pnl to 2pn'l’ states domi-
nate the recombination rate coefficients. At low elec-
tron temperature only auto-ionizing 2pn! levels near
the ionization threshold only can contribute the DR,
process. At T, >100eV, the recombinations via 3inl’
states dominate the rate coefficients (Moribayashi and
Kato [13]). At much higher temperature, T, >1keV,
however, the inner shell excitation such as

Ne™ (1s°2s) + e~ — Nef+ ""(152s2pnl)
~  Nebt+ "(15%2snl) + hv

can contribute to the rate coefficients [15]. We ignore
this process in this paper.

In the Fig.h we compa.re our total recombination
rate coefficients with those by other authors. Qur
rate coefficients are smaller than those of Chen [14].
This might be due to the neglect of high I states for

Arn = 0 transitions. Chen mentioned that states with

{ = 9 — 11 contribute about 20% to the total DR
rate coefficients for An = 0 transitions, but do not
contribute so much for An # 0 transitions.

The dielectronic recombination emits satellite lines
which are radiative transitions from auto-ionizing dou-
bly excited states to bound states. The effective emis-
sion rate coeficient of the dielectronic satellite line is

obtained as o
Cg'ff (z, i) =

_ Iy \** Qali, 5)
3.3x 1072 (—) s
kTe go

X exp (—;—i—f—) photons cm®s~18)

This is the emission line intensity per electron per
Ne™ ion.

3 Collisi'onal-'Radiative Model
3.1 Rate equations

We solve the following rate equations assuming that
the population densities of excited states are in steady

state.
= Ut + 5 aeti i)
=D [Clidne + Ari, )]} — S(n(e)
+[Jc:(e') + (i) + e (i)njnen(Ne )
= 0, (19)

where n(i) is the population density of excited state
i, C(3, ) is collisional excitation / deexcitation rate
coefficients from level 7 to j, S(i) denotes the ioniza-
tion rate coefficients from level ¢ to the Li-like ground
state, n, is the electron density, n; is the population
density of the Be-like ground state, n(Ne”™ ) is the
population density of the Li-like ground state, ay(7),
o-(7), and o (i} are dielectronic recombination rate
coefficient, radiative recombination rate coefficient,
and three body recombination rate coefficient of a
level i, respectively. In this work we inciude excited
states up to n = 20 in the CRM. Higher n levels are
considered to be in the LTE. Further details of the
levels considered are given in §3.2.

Because the rate equations are linear function of
n; and n{Ne™ ), we can solve them to get the popu-.
lation density as a combination of a component pro-
portional to the ground state population density, ny,

and a component proportional to n{Ne®t ):
n(i) = Ni(i)ny + Ng(i)n(Ne™ ). (20)

We call N;{{) the ionizing plasma component, and
Ng(i) the recombining plasma component respectively.

.The ionizing plasma component originates from col-

lisional excitation from the Be-like ground state, and
the recombining plasma component originates from
recombination from the Li-like ground state. The two
components are calculated separately and we can as-
sume any ion abundance ratio, n(Ne™ )/ni, to get

n().



The emission line intensities from radiative tran-
sitions between excited states are described here as
effective emission rate coefficients which are inten-
sities per electron per ion. The total line intensity
becomes

1(3,5) = CH (i, ))n(NeP+ ) + CH7 (3, j)n(Ne™ )a.,

_ (21)

effrr o A,(Z,J)NI(Z)
CIf (?’3.7) - ne(1+2i>1 NI(%))’ (22)
CHI(3) = A HNR@ /e (23)

Ce¥ (i, 5) and C7(4,) are effective emission rate
coefficients for the jonizing plasma component and

the recombining ptasma component, respectively. Their

units are photons s !cm®. Since these effective emis-
sion rate coefficients are defined for one ion, the pop-
ulation density of ionizing plasma component must
be normalized with (3.N;(i) + 1) because, as defined
in eq. (20}, Ny{2) is the density relative to ground
state, ny-

3.2 Atomic data

Here in the CRM we include all the fine structure lev-
els 2snl 25F1 L ;. 2pnl 251 L ; with principal quantum
number n < 6, and treat 2snl levels with 7 < n <
20 with a hydrogenic approximation. Levels with
n > 13(7./100eVY/7(n, /10'%cm=3)~%/17 are con-
sidered to be in LTE. The auto-ionizing levels 2pni
with n > 7 are not taken into account in the CRM.
The level energies for all n < 6 levels and radiative
transition probabilities are calculated with Cowan’s
code as mentioned in §2. The energy levels are listed
in Table 1.

In Table 9 calculated wavelengths and transition
probabilities of bound-bound transitions forn < 3 are
listed with measured wavelengths and A, obtained by
others. For most cases our wavelengths agree with
measured one within a few percent.

We have included a magnetic guadrupole tran-
sition probability for 2s* 1Sy — 2s2p *P; as 5.76 x
10~25™!, magnetic dipole transition probabilities for
252p(*Py— 3P;) as 1.99x 10735~ and for 2s2p(*P; —
3P,) as 1.46 x 107251 [18]. The transition probabil-
ities for 2s? 1Sy — 252p 3Py as 1.71 x 10% ! and the
transition probabilities between 2s2p P and 2s2p *P
J =0,1,2 as 1.06, 0.781, and 1.26 s~1, respectively,
are also taken from Ref.]18].

For the collisional excitation rate coefficients we
have adopted data by Zhang & Sampson [19] for the

An = () transitions with n=2, and data by Sampson,
Goett, & Clark [20] for all fine-structure transitions
between n = 2 and » = 3. We have used a mod-
ification of Mewe's empirical formula [21] for other
transitions. The modification was done for the Be-
like Fe ion and is described by Murakami, Kato, and
Dubau [22].

Berrington et al. (1985) [23] calculated the colli-
sional excitation rate coefficients using the R-matrix
method for An = § transitions with n = 2. Their rate
coefficients for allowed transitions are in good agree-
ment with those of Zhang & Sampson. But those for
forbidden transitions are different, especially for spin-
change transitions, differing by factor 2-3 (Fig. 6).

We have also included proton collisional excita-
tion for the three fine-structure transitions in the
2s2p °P levels, using the cross section given by Doyle
[24].

The radiative recombination {RR) rate coefficients
are obtained from the photo-ionization cross section
with use of the Milne relation {detailed balance). The
photo-ionization cross sections for 2snl states with
n < 4 are calculated by Clark, Cowan, and Bobrow-
icz [25]. For 2snl states with n > 5, the radiative
recombination rate coefficients are estimated using
hydrogenic photo-ionization cross sections assuming
the Gannt factor to be unity:

29(3) Z% { Ig \ %
—14 9(3) H
260 x 1074275 ( kTe)

xeXi By {(x:)em®s ™!, (24)

a.(i) =

where n is the principal quantum number, Z is the
effective charge, F;(z) is the exponential integral,
x:i = €;/ kT, ¢; is the ionization potential of the level
i, and g.(= 2) is the statistical weight of electron.
The RR rate coefficients from the ground state 2s of
Ne™ jon to 2pnl levels is taken to be zero.

In Fig. 4 we compare the n dependences of the RR
rate coefficients and the DR rate coefficients. For 2snl
levels the RR rate coefficients are larger than the DR
rate coefficients for n < 10. But because of larger
DR rate coefficients of 2pni levels than those of 2snl
levels, the total RR rate coefficients is smaller than
the total DR rate coefficients.

I we take into account the 2p level of the Ne™*
ions, the RR process from 2p level to 2pnl levels could
occur and this would enhance the rate coefficients.
This is an issue to be considered in future work.

The three body recombination process is consid-



ered as the inverse of ionization by electron impact.

9 () swrew (). e

where ¢; is the ionization potential of the level  as in

(i) =

§3.3.2. The ionization rate coefficient from the level
i, 5(4), is estimated with the Lotz’s formula [26].

In Fig. 7 we plot total recombination rate coef-
ficients of three recombination processes, i.e., ag =
Saq(d), ar =3, o (1), and o = ¥ 0(7), as a fune-
tion of electron temperature. Here the summations
are done for levels up to » = 20, which are considered
in the CRM, and we will compare these rate coefli-
cients with effective rate coefficients calculated from
the CRM. So the total az here is smaller than that
in Fig.5 where the rate coefficients are summed up to
n = 500. The effective rate coefficient is described
below and discussed in §3.4. We note that the total
three body recombination rate coefficients depends
on number of levels considered since the rate coeffi-
cient grows with increasing . When electron density
becomes larger than 10*cm—3 the three body recom-
bination rate coefficients are not negligible.

Using results of the CRM we can calculate the ef-
fective recombination rate coefficients which includes
the effects of collisional transitions between excited
states. We define the effective recombination rate co-
efficient as follows:

aa(1) + o (1) + o (Dm,

+ o mal) (2 1 06.0)) (20

i>1
The first three terms are recombination rate coef-
ficients to the ground state by three recombination
processes. The last term represents the contribution
of radiative decay and collisional deexcitation from
excited states to the ground state. So this effective re-

Qeff =

combination rate coefficient describes recombination
events which finally reach the ground state. In Fig. 7
we plot aeyr for different electron densities. When
ne = 108%m~%, o almost equals a4 + o, because
of low density and no density effect is seen. But when
the electron density increases, the three body recom-
bination contributes to a.y; at low temperature. At
n, = 1016
efficient is smaller than the three body recombination
rate coefficient at T, <100eV. At higher temperature
@y is also smaller than the DR rate coefficient. The
difference results from collisional excitation and ijon-

cm™3, the effective recombination rate co-

ization from excited states which reduce the net rate
of transition reaching the ground state.

3.3 Population densities

The population densities of excited states are ob-
tained with the CRM solving eq.(19) for both ion-
izing and recombining plasma components. Figure 8
shows the electron density dependence of the popula-
tion densities of the ionizing plasma components for
the excited states.

The Be-like ion has the metastable state, 2s2p 3P.
If the population density of this metastable state is
not small, collisional excitation from it causes density-
dependent populations of excited states. In case of
Nebt |, such effect is found at n. >10°%cm =3 in both
ionizing plasma components and recombining plasma
components. The all fine structure levels, 2s2p *Py ; 2,
populate collisionally with their statistical weight at
ne >10'3cm 3.
100eV, collisional ionization decresses their popula-
tion densities at high density n. >10"¥cm™. The
252p 'P population remains high at n, > 10¥%cm—3

At high temperature such as T, =

because the collisional excitation rate from the ground
state is large.

The population densities of 2p® *P are affected
by the metastable state at n, >10%cm 3, as
Figs. Qa-d. This effect is commonly seen for both ion-
izing and recombining plasma components, especially
clearly at T, = 100eV (Figs. 9b, 9d). Population den-
sities of other levels such as 2s3d *D, 2p3p °P, and
2p3s *P are affected directly or secondarily at the
same density region, as shown in Figs. 9e-h. Spectral
lines with these levels as the upper levels are good for
density diagnostics both in ionizing plasmas and re-
combining plasmas. All population densities become
constant at n, >10%cm ™ in ionizing plasmas or ap-
proach the LTE distribution in recombining plasmas.

For the ionizing plasma components the popula-
tion densities Nyp(i} at T, = 100eV is higher than
those at T, = 10eV, especially for singlet levels such

shown in

as 2p® 1S, because of the electron temperature depen-
dence of the collisional excitation rate coefficients.
All Ny(7) for n = 3 levels at T, = 10eV are quite
small.

At high density limit the population densities of
the recombining plasma components Ng(i) approaches
the Saha-Boltzmann distribution (LTE). Because of
the temperature dependence of the Saha-Boltzmann
distribution, ngp(i) o« T3 2exp(L, (i) /kT), Nr(i) at



T, = 10eV are larger and more scattered than those
at T, = 100eV. The difference at high density limit
is clearly seen for n = 3 levels {Figs. 9g and 9h)}.

3.4 Effective emission rate coefficients

Figure 10 shows effective emission rate coeflicients
defined by eqs.(22) and (23) for some selected transi-
tions as a function of electron density. The resonance
line 252 'S — 252p P is the strongest line in ionizing
‘plasmas. However, in recombining plasmas 2s2p *P
— 2s3d 3D is the strongest.

The effective emission rate coefficients of ioniz-
ing plasma components, C}’f f {Z,7), decrease with in-
creasing n. at high density region, and the effective
emission rate coefficients of recombining plasma com-
ponents, Cgf 5 (4,4), become constant because of the
LTE. Because of the definition of the effective emis-
sion rate coefficients for ionizing plasma components
(eq.[22]), the density dependence of C$77 (i) is differ-
ent from the N;(¢) of the upper level with a factor
1/(1+3" Ny(i}) and this factor becomes smaller than
1 at n, >10"2cm 3.

The electron temperature dependences of the line
intensities, i.e., the population densities of upper lev-
els, are primarily governed by collisional excitation
from the ground state in ionizing plasmas and by
dielectronic recombination in recombining plasmas.
But when the electron density is at 10° - 107cm 3,
the collisional excitation from the metastable state
enhance the intensities. For recombining plasmas the
three body recombination process becomes important
at n, >10'%m™3 and T, <10eV.

Figure 11 shows effective emission rate coefficients
as a function of electron temperature for the same
selected transitions as Fig. 10. The effective emission
rate coefficient C5/7(3,7) has a peak at T, ~ 20 —
30eV for n = 2 — 2 trapsitions, and at T, ~ 100eV
for n = 2 — 3 transitions for ionizing plasma.

Kingston et al. [8] calculated the transition prob-
abilities A, and population densities at T, = 43 —343
eV and n. = 10*? — 10'7cm™? for ionizing plasmas.
We obtained the effective emission rate coefficients
from their results and compared them in Figs. 10 and
11. In Fig. 10 density dependences of their rate coefli-
cients are shown as filled triangle for 7, = 43.2eV, tri-
angle star for 7, = 86.2eV, triangle for T, = 171.9eV,
and square for T, = 343.1eV. In Fig. 11 temperature
dependences of their rate coefficients are shown as
filled triangle for n, = 10'%cm —3, triangle star for

n, = 10%ecm —3, and triangle for n, = 10%m —3.
In Table 9 we compare their g(¢) A, with ours and find
that they agrees within ~ 10% with some exceptions.

Comparing their effective emission rate coefficients,
we fAnd similar tendencies for the electron density
dependence. For example, our C’f‘f 7 for the reso-
nance line, 2s? 'S — 2s2p 'P, is 2-14% larger than
theirs at T, = 43eV (Fig.10a), but for the inter-
combination line, 2s? 1S — 252p 3Py, ours is 5-19 %
smaller than theirs at T, = 43eV (Fig.10b). These
differences are caused by different collisional exci-
tation rate coeflicients and radiative cascades from
upper levels. Qur collisional excitation rate coeffi-
cient, C(i,3), for 252 15 — 252p 3P transition is 20-40
% smaller than Berrington’s value [27], for example.
And also Kingston et al. did not consider many levels
and cascades were not included. However, cascades
feed the population densities of low n states.

On the electron temperature dependence, there
are difference at high temperature. For transitions of
252 1§ — 252p 3P and 2s2p 3P — 2p? 3P, our C$Y7 de-
crease faster than theirs at high temperature (Fig. 11).
Collisional excitation from these upper levels as well
as collisional ionization reduce these population den-
sities. For upper levels with n = 3, on the other
hand, radiative cascades feed more populations and
our C¢/7 is larger than that of Kingston et al.

For recombining plasma components, the effective
emission rate coefficients, C5'7 (i), are larger for lower
electron temperature (Figs. 10 and 11). The electron
density dependence caused by the collisional excita-
tion from the metastable state is seen at 10° <m, <

10"cm 3 and /7 approaches constant value at n, >102%cm 2,

as seen in the population density distribution (Fig. 9).
As for the electron temperature dependence of Cgf (),
the three body recombination makes a steep depen-
dence at T, <10eV when n, = 10%cm™3, which is
clearly seen for transitions of upper levels with n = 3.
At T, >10eV, Cf{f ?(4) for transitions with upper lev-
els of 2p?, 2p3s, 2p3p, and 2s53d at n. = 10%%cm—3
and 10'%cm~2 are enhanced and larger than at n, =
10'%cm® because of the collisional excitation from
the metastable state. For the same reason C5/7 of
the intercombination line decreases with increasing
1. as seen in Fig. 11h.



3.5 Effective ionization and recombi-
nation rate coefficients

Effective ionization and recombination rate coefficients
are calculated using the CRM model here. The def-
inition of the effective recombination rate coefficient
is given by eq.(26). The effective ionization rate co-
efficient is given by

D >R /(OLL0)
T+ S M)

where n; is assumed as 1. This is the rate per ion
with unit of s™'cm®. Then the rate equation for the

ion abundance is written as
dn(Ne®* )
a

(27}

- effnen(Nes*‘ )+ aeffnen(Ne7+ },

(28)
where n(Ne®t )-and n(Ne”™ } mean the ion densities
of Ne®* and Ne™™ ions, respectively.

The electron temperature dependences of S,z and
@qzy are shown in Fig. 12a. The coefficient a.5f
varies with electron density. When the electron den-
sity is high, the three body recombination dominates
in the low temperature region and collisional effects
reduce the rate in the high femperature region. The
small reduction of S.zs at n. = 10'®cm?® in Fig. 12a
in high temperature region is due to the normaliza-
tion for the population density (eq.[27]).

The density dependences of these effective rate co-
efficients are shown in Fig. 12b. The S.s; increases
at 1, = 10® — 10%%cm—3 and reaches constant value
again. The a.yrs increases proportionally to n. at
higher density region, because of the three body re-
combination.

4 NeVII Spectral Line Intensi-
ties

4.1 Spectra

Calculated spectra are shown in Fig. 13 in two wave-
length regions. Figs. 13a-13f show n = 2 — 2 tran-
sition region with the rescnance line and Figs. 13g-
131 show An # 0 {n > 3 to n = 2} transition re-
gion. Here a resolving power of R = 500 is as-
sumed with a Gaussian profile. The spectra for ion-
izing plasma are Figs. 13a and 13g{7. = 10eV),
13b and 13h (T. = 100eV), those for recombining
plasma are Figs. 13c and 13i(T, = 10eV), 13d and 13;
{T. = 100eV), and those for satellite lines are Figs.
13e and 13k(T, = 10eV), 13f and 131 (T, = 100eV).

The electron density is assumed to 10*4cm ™2 for each
case. A list of the wavelength, transition probabil-
ities, and the effective emission rate coefficients is
given in Table 9.

As seen in Figs.13a and 13b, the intercombina-
tion line is quite weak relatively to the resonance line
for ionizing plasma, but not so weak for recombining
plasma (Figs.13c and 13d). The lines of 2s2p 3P —
2p® ®P are strong. The intensity ratios to the res-
onance line becomes larger at larger temperature,
which is significant for recombining plasma. This is
discussed below. The satellite lines are also strong as
seen in Figs. 13e and 13f.

For the wavelength region from 60 A to 160 A,
strong lines are different between ionizing plasma and
recombining plasma. The number of relatively strong
lines in the ionizing plasma at T, = 100eV is larger
than at T, = 10eV, but for the recombining plasma
the tendency is opposite. Different DR, satellite lines
are seen at T, = 10eV and 100eV. The DR satellite
lines for 2s-3p and 2p-3d transitions are seen at 7, =
100eV, but not at T, = 10eV. Because at T, = 10eV
main DR transitions are from 2pnl levels with n > 7
to 2pn'l’ levels with n’ < 6 and many weak satellite
lines at shorter wavelengths are seen.

Figure 14 show the intensity ratios of some se-
lected line pairs as functions of electron temperature
and density. It is found that the ratios show strong
density dependences at 10°cm * <n, <10Ycm 2 for
lines whose upper levels are coupled to the metastable
state, as discussed in §3.4. But the electron tem-
perature dependences are weak, especially for the re-
combining plasma component. The behaviour is very
different between ionizing plasma component and re-
combinng plasma compornent. In many cases these
line ratios are useful for electron density diagnostics
and their combinations can provide information on
ion abundance ratio or ionization phase, lomizing or
recombining.

4.2 Radiative Power Loss

Now we calculate the radiative power loss by NeVII
emission lines using results of the CRM. In this sec-
tion we discuss the power loss per electron per ion.
When considering actual power loss, say in a divertor
plasma, we need to multiply it by the eleciron den-
sity and the ion density which is Ne®t ion density for

" ionizing plasma and Ne” " ion density for recombining

plasma. The power loss by bound-bound transitions



(line emissions) is defined as

Hine,l - Z Cfff(is j)AE(Z, J)a (29)
%]
Pinen = 3 CHI(L,D)AEGH),  (30)

(%)

for ionizing plasma component and recombining plasma

component, respectively. AFE(4,j) is the transition
energy and the summation is carried out for all tran-
sitions in the CRM.

Figure 15 shows the radiative power losses for
ionizing plasma components and recombining plasma
components. Figure 15a shows the electron temper-
ature dependences. The density effect is significant
for recombining plasma components.

Figure 15b shows the electron density dependences.

For ionizing plasma component, the power loss de-
creases with increasing electron density at high den-
sity region. On the other hand, at high density re-
gion the recombining plasma component reaches con-
stant value, which is a result of the Saha-Boltzmann
distribution. The constant value is larger for lower
temperature. At intermediate density region, such
as 10" <n. <10"7cm 3, the power loss increases be-
cause of the collisional excitation from the metastable
state. So, there is a maximum in the power loss as
a function of electron density when electron temper-
ature is high because the LTE value is smaller than
that at the maximmum. This is one of the characteris-
tics of Be-like ions. The same behavior is seen for the
power loss of FeXXTII lines [28]. This effect of colli-
sional excitation from the metastable state similarly
occurs in ionizing plasmas, however, the power loss of
the ionizing plasma component is mostly dominated
by the resonance line which is insensitive to the ex-
istence of the metastable state. The radiative power
loss of the recombining plasma components is domi-
nated by n = 2 — 3 transitions on the contrary.

The density effect due to the collisional excita-
tion from the metastable state is not seen in radiative
power loss in recombining plasmas for He-like and Li-
like Ne ioms.

The radiative power loss by the satellite line due
to dielectronic recombination of Ne™ — Ne™* is es-
timated with eq.(18) multiplied by the transition en-
ergy. That is,

Pt = C§'7 (3, 1) AE G, ),

2

(31)

where AE, (i, j) is the transition energy from the dou-
bly excited auto-ionizing state to the bound state.

The electron temperature dependence of this power
loss is plotted in Fig.15a with a dashed line. The
amount is a factor of 2 smaller than the line power
loss for recombining plasma. At T, < 20eV the tran-
sitions through 2pnl to 2pn'l’ dominate the power
loss while transitions through 3Inl’ dominate at higher
temperature. Mewe et al. [9] estimated the line inten-
sities of the satellite lines using an empirical formula
for satellite line intensities. Our detailed calculation
produces a result smaller by as much as factor 10 as
shown in Fig.15a.

The radiative recombination process produces free-
bound transitions and the radiative power loss is es-
timated as

Py = 105x107 Y75/

g(l) 4 x: s bf 3 _ —xiu
X E o x:e o (wu'e X du
, 1
2

26 Zt
+3 417x10 ST 12 Wem® (32)

n>5

The first term is contribution from the recombination
to n < 4 states with using the photo-ionization cross
section 6%/ obtained by Clark et al. [25]. The second
term is contribution from higher n levels, estimated
with hydrogenic approximation, which is about 7-9
% of the total. The power loss by free-bound transi-
tions is plotted with dot-dashed line in Fig.15a as a
function of electron temperature.

The radiative power loss of the free-free transition
by bremsstrahlung is alsc to be compared with other
power loss. It is obtained as

Pyrems = 1.5 x 107 T22 22 .gp Wem®,  (33)

and plotted in Fig.15a as well. We assume the Gaunt
factor gp as unity for simplicity.

The power losses by both free-iree and free-bound
transitions are smaller than those by the bound-bound
line emissions of NeVIl in the range 1eV <7, <1000eV.

5 Summary

‘We have constructed a collisional-radiative model for
Nebt jons to calculate population densities of the ex-
cited states in non-equilibrium ionization plasma. In
the model we take into account three recombination
processes (radiative, dielectronic, and three-body re-
combination) to the excited states and ionization from

the excited state as well as collisional excitation /deexcitation

and radiative decay between excited states.



For the purpose, we have calculated the dielec-
tronic recombination rate coefficients to excited states
of the Be-like Ne ion from Li-like Ne ions. We take
into account doubly excited states 2pnl {(n > 7) and
3inl' as intermediate resonance states. The transi-
tions through intermediate states 2pnl! make a max-
imum in the rate coefficients at T ~ 10 — 50eV and
those through 3inl’ states make a peak at T ~ 100 ~
300eV.

The density effects on the population densities of
the Ne®+ excited states are examined and we find
that the collisional excitation from the metastable
state, 2s2p *P, plays an important role at 10%cm—? <
ne <10'7cm™? for both ionizing and recombining
plasma components.

We calcuiate the effective emission rate coefficients

for spectra in ionizing plasma and recombining plasma.

In a recombining plasma strong spectiral lines are
different from those of an ionizing plasma. Triplet-

triplet transition lines are strong in recombining plasma.

The radiative power loss by the bound-bound line
emissions is obtained. A density effect is seen at
ne ~ 101 —10'7cm 3, caused by collisional excitation
from the metastable state. The loss by line emission
I recombining plasma is larger than loss caused by
free-bound emissions (radiative recombination}, free-
free emission (Bremsstrahlung), and the DR sateilite
lines.

The calculated line intensity ratios and radiative
power loss can be used for plasma diagnostics of var-
ious plasmas.
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Figure Captions
Fig.1 ... Dielectronic recombination rate coefficients for final states of NeVII ion as a function of electron
temperature.

Fig.2 ... Dielectronic recombination rate coefficients as a function of principal quantum number, n, of the
final states. The rate coefficients with the same n are summed. {a) At an electron temperature of 10eV and
(b} 100eV.

Fig.3 ... Accumulated dielectronic recombination rate coefficient up to n, as a function of principal quantum
number, n, of the final states. {a} At an electron temperature of 10eV and (b} 100eV.

Fig.4 ... Dielectronic recombination rate coefficients for the final staies, 2snl and 2pnl, as a function of
principal quantum number, n. The rate coefficients with the same n are summed. Triangle is for 2snl and
square for 2pnl. Open symbols are for an electron temperature of 10eV and fifled symbols for 100eV. For
comparison, the radiative recombination rate coefficients at an electron temperature of 10eV are shown.

Fig.5 ... Total dielectronic recombination rate coefficient (solid thick line) as a function of electron temper-
ature. Total rate is obtained with summation of each coefficient up to n=500. The contributions of each
process are thin lines: through 2pnl to 2snl (dotted line); through 2pnl to 2pn’l’ (dot-dashed line); through
3Inl (all} (solid line); through 3snl (dotted line); through 3pnl (dot-dashed line); through 3dnl (dashed line).
The rates calculated by Nussbaumer and Storey (1987) and by Romanik (1988) are also shown.

Fig.6 ... Excitation rate coefficients by electron impact of n = 2 — 2 transitions. Numbers on the top of each
panels, such as 1-2, indicate the transition, such as from first level to second level. The numbering of levels
are listed in Table 1. Solid line is our calculation with data of Zhang and Sampson [19] and a dotted line is
from Berrington et al. [23].

Fig.7 ... The total recombination rate coefficients of dielectronic recombination (solid line), radiative recom-
bination (dot-dashed line), and three body recombination at electron densities of 10'*cm~2 and 10*%cm—3
(dashed line) as a function of electron temperature. The total rate is obtained with summation up to n=20
in this case. The total effective recombination rate coefficients obtained from the collisional-radiative model
{eq. [ 26]) are also shown: at an electron density of 10'%m~2 (thick short dashed line), at 10*cm 2 (thick
long dashed line), and at 10"%em ™2 (thick dot-dashed line).

Fig.8 ... Population density of ionizing plasma component divided by the statistical weight for each excited
state of NeVII as a function of electron density, obtained by the collisional-radiative model. (a) is for an
electron temperature of 10eV and (b) for 100eV.

Fig.9 ... Population density divided by the statistical weight and electron density for each excited state of
NeVII as a function of electron density, obtained by the collisional-radiative model; {a) n=2 levels for ioniz-
ing plasma component at an electron temperature of 16eV; (b) n=2 levels for ionizing plasma coraponent at
T, =100eV; (c) n=2 levels for recombining plasma component at T, = 10eV; {d) n=2 levels for recombining
plasma component at T, =100eV; (e) n=3 levels for ionizing plasma component at T, = 10eV; (f) n=3
levels for ionizing plasma component at T, =100eV; {g) n=3 levels for recombining plasma component at
T. = 10eV; and (k) n=3 levels for recombining plasma component at T, =100eV.

Fig.10 ... Effective emission rate coefficients as a function of electron density. Both ionizing plasma compo-
nents and recombining plasma components are shown. Solid lines are for an electron temperature of 10eV
and dashed lines for 100eV. Symbols are from Kingston et al. [8]: filed triangle is for T, = 43.2eV, triangle
star for T, = 86.2eV, open triangle for 171.9eV, and square is for 343.1eV.



Fig.11 ... Effective emission rate coefficients as a function of electron temperature. Both ionizing plasma
components and recombining plasma components are shown. Solid lines are for an electron density of
10"%m™3, dotted Iines for 10'*cm—*, and dashed lines for 10'%cm~%. Symbols are from Kingston et al. [8]:
filled triangle is for 10'%cm™%; triangle star is for 10'*cm—3; and open triangle is for 10'%cm™3.

Fig.12 ... Effective ionization and recombination rate coefficients as functions of electron temperature (a)
and density (b).

Fig.13 ... Calculated spectra of NeVII at n. = 10**cm™? for two wavelength regions, from 400 to 1000 A
(a-f) and from 60 to 160 A (g-l). a, b, g, and h are for ionizing plasma component, ¢, d, i, and j are for
recombining plasma component, and e, f, k, and | are for satellite lines. An electron temperature of 10eV is
assumed for a, ¢, e, g, 1, and k, and 100eV for b, d, {, h, j, and L.

Fig.14 ... Intensity ratios of selected line pairs as functions of electron temperature and density.

Fig.15 ... Radiative power losses by line emissions per electron per ion as a function of electron temper-
ature (a) and as a function of electron density (b). Both ionizing plasma component and recombining
plasma component are shown. For comparison, power loss due to the dielectronic satellite lines (dashed
line), due to contiruum radiation by radiative recombination (dot-dashed line), and continuum radiation by
bremsstrahlung (dashed line) are shown in Fig.15a.
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