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Influence of atomic radiative and collisional processes on the plasma modeling of Mg10¿

at low electron densities
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In this paper, we report on theoretical calculations of electron-impact excitation cross sections and radiative
transition rates for Mg101. The excitation cross sections were calculated using semirelativistic close-coupling
and fully relativistic distorted-wave theory and the radiative rates were determined using semirelativistic and
fully relativistic atomic-structure theory. After the solution of the corresponding collisional-radiative equations,
the Ka2 /Ka1 (1s2p 3P1→1s2 1S0 over 1s2p 1P1→1s2 1S0) emission line ratio and theKb2 /Kb1

(1s3p 3P1→1s2 1S0 over 1s3p 1P1→1s2 1S0) emission line ratio were calculated as a function of elec-
tron temperature and density. The various scattering calculations involving different numbers of levels enabled
us to study the influence of resonance structures and cascades from highly excited levels on the collisional-
radiative modeling and we found that they have little effect on the level populations. However, even in this
ten-times ionized species, the effects of orbital relaxation are found to be important in the determination of
accurate electric-dipole radiative transition rates. Both line ratios were found to be strongly affected by whether
the magnetic-dipole radiative transition from the 1s2s 3S1 level to the ground state was included or not. At
very low electron densities, the 1s2s 1S0 two-photon transition to the ground state also has an effect on the
Ka2 /Ka1 line ratio. In addition, we found that the line ratios are enhanced at high temperatures by radiative
and dielectronic recombination from the hydrogenic Mg111 ion. However, the dielectronic satellite lines have
no effect on the line ratios for the low-density astrophysical, solar, and magnetic-fusion plasmas considered in
this paper.

PACS number~s!: 34.80.Kw, 52.20.Fs
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I. INTRODUCTION

Spectral line emission from atomic ions of the heliu
isoelectronic sequence may be used as a temperature
density diagnostic for a variety of laboratory and astrophy
cal plasmas. An important population mechanism for the
cited states of radiating atomic ions is electron-impact ex
tation from ground and metastable states. In the pre
investigation, we have applied semirelativistic clos
coupling @1# and fully relativistic distorted-wave@2# scatter-
ing theory to the calculation of electron-impact excitati
cross sections of Mg101. The most completeR-matrix close-
coupling calculations@3# to date for Mg101 included only 11
LS terms and did not determine the excitation cross sect
between fine-structure levels. The results of twoR-matrix
calculations are reported below, one involving 11LS terms
of the six configurations: 1s2, 1s2l , and 1s3l , and a second
involving 19 LS terms of the ten configurations
1s2, 1s2l , 1s3l , and 1s4l . Using a recently develope
intermediate-coupling frame transformation@4# of the
R-matrix K matrices calculated inLS coupling, cross sec
tions have been determined for all the transitions among
17 LSJ levels of the first calculation and the 31LSJ levels
of the second calculation. We have also carried out fu
relativistic distorted-wave calculations for the excitations b
tween the 31 levels of the configurations: 1s2, 1s2l , 1s3l ,
and 1s4l .

Using the collisional rate coefficients, supplemented
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further semirelativistic and fully relativistic atomic structu
calculations for the radiative rates among theLSJ levels, we
have applied collisional-radiative theory@5# to calculate level
populations and line emissivities for Mg101 as a function of
electron temperature and density. In particular, we have
amined theKa line ratio involving theKa2 (1s2p 3P1

→1s2 1S0) and Ka1 (1s2p 1P1→1s2 1S0) transitions
and the Kb line ratio involving the Kb2 (1s3p 3P1

→1s2 1S0) and Kb1 (1s3p 1P1→1s2 1S0) transitions.
Both line ratios provide a very useful electron-temperat
diagnostic for heliumlike plasmas. The heliumlikeKa emis-
sion has been studied in detail in tokamaks@6#, and those
studies demonstrated the great utility of theKa spectra for
determining the plasma electron temperature, the ion tra
port coefficients, the fraction of non-Maxwellian electron
the toroidal plasma rotation velocity, and the plasma
temperatures. TheKb spectra are important spectral dia
nostics of laser-produced plasmas in inertial confinement
sion research@7#. In addition, the utility ofKb spectra as a
diagnostic of the electron temperature for tokamaks has b
recently illustrated@8,9#.

In this paper, we have investigated the influence of diff
ent atomic processes on the plasma modeling of Mg101 ions
at low electron densities. We have compared the results
tained by doing different calculations for the excitation cro
sections and the radiative transitions. In particular, we h
studied the influence of resonance structures on the ex
tion cross sections; the effect of the highly excited levels
©2000 The American Physical Society11-1
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the population of the low-lying levels; and relativisti
orbital-relaxation, and term-dependent effects on the elec
dipole radiative rates. We have also investigated the con
bution to the line intensity from radiative and dielectron
recombination of the hydrogenic Mg111 ion and the effects
of overlapping dielectronic satellite transitions.

Our focus on these two emission line ratios also provi
support for ongoing spectral measurements of highly char
atomic ions under well-controlled laboratory conditions u
ing an electron-beam ion trap@10#. In particular, experimen-
tal results for theKb line ratios on both tokamaks and io
traps, are consistently higher than the predicted theore
values@8,11#, and detailed studies are required in order
identify the factors that contribute to these discrepancies
is essential for any further refinement of the collision
radiative modeling to have an accurate atomic data base,
this has also beem provided in this paper. The remainde
this paper is organized as follows: in Sec. II we present
atomic-scattering and radiative transition rate calculations
Sec. III we present our line emission ratio calculations, a
in Sec. IV we summarize our findings.

II. ATOMIC STRUCTURE AND RATE CALCULATIONS

A. Atomic scattering calculations

Our application ofR-matrix theory to the calculation o
electron-impact excitation cross sections and rate coeffici
is based on theRMATRX I atomic-scattering package@12#.
The bound-state radial orbitals for Mg101 were calculated
using Froese-Fischer’s Hartree-Fock program@13#. The 1s
orbital was generated from a Hartree-Fock calculation of
1s2 ground configuration, while the remainingnl orbitals
(n52,3,4; l 50 to n21) were generated from frozen-co
configuration-average Hartree-Fock~CAHF! calculations for
the 1snl excited configurations. In order to compare o
cross sections with the previous 11-stateR-matrix calculation
@3#, we first performed two calculations inLS coupling: one
included the 11LS terms belonging to the six configuration
1s2, 1s2l , and 1s3l , while a second calculation involved 1
LS terms of the ten configurations 1s2, 1s2l , 1s3l , and
1s4l . The size of theR-matrix box was equal to 4.25 a.u. fo
the 11-LS-state calculation and 6.62 a.u. for the 19-LS-state
calculation. To obtain a good representation of the c
tinuum up to a maximum energy of 300 Ryd, 35 and
continuum basis orbitals per angular momentum were u
for the 11-LS-state and 19-LS-state calculations, respec
tively. We included allLSP partial waves up toL514; this
was sufficiently complete for comparison of cross sectio
from the ground state.

The level of agreement between our twoLS calculations
with each other and with the 11-state calculation of Tayal@3#
is illustrated in Figs. 1 and 2. In Fig. 1, we show the electro
impact excitation cross section from the 1s2 1S ground term
to the 1s2p 3P excited term. In the upper part of Fig. 1, th
results of the present 11-LS state calculation are shown, i
comparison to the results of Tayal@3#. In the lower part of
Fig. 1, the cross section from the 19-LS state calculation is
shown. Apart from the strength of some very narrow re
06271
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nances and the small structure corresponding to resona
attached to terms of the 1s4l configurations, the agreemen
between the 11-state and 19-state calculations is excel
and they both are in good agreement with the results of Ta
@3#. In Fig. 2, we show the cross sections for the 1s2 1S→
1s2p 1P transition. We also find very good agreement b
tween the present 11-state and 19-state calculations and
results of Tayal@3# for this transition.

In order to generate level-to-level effective collisio
strengths for collisional-radiative modeling in this ion, w
performed intermediate-couplingR-matrix calculations using
the intermediate-coupling frame transformation~ICFT!
method @4#. By employing multichannel quantum-defe
theory, unphysicalK matrices were first generated on a re
tively coarse energy mesh from ourR-matrix calculations in
pure LS coupling. Next, these unphysicalK matrices were

FIG. 1. Electron-impact excitation cross section for t
1s2 1S→1s2p 3P transition in Mg101. Upper part: 11-LS state
R-matrix calculation. The diamonds are results from Ref.@2#.
Lower part: 19-LS stateR-matrix calculation.

FIG. 2. Electron-impact excitation cross section for t
1s2 1S→1s2p 1P transition in Mg101. Upper part: 11-LS state
R-matrix calculation. The diamonds are results from Ref.@2#.
Lower part: 19-LS stateR-matrix calculation.
1-2
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INFLUENCE OF ATOMIC RADIATIVE AND . . . PHYSICAL REVIEW A 62 062711
transformed algebraically to purejK coupling, and then
transformed to full intermediate coupling via term-coupli
coefficients. These unphysicalK matrices vary smoothly
with energy and can be interpolated onto a fine energy m
in order to later resolve narrow resonance structures. In
case, we used 5000 mesh points in the energy region o
excitation thresholds. Finally, using multichannel quantu
defect theory, we generated the physicalK matrices from the
unphysical ones. This ICFT method has been shown to y
cross sections, including the detailed resonance structur
excellent agreement with full Breit-PauliR-matrix calcula-
tions @4#.

However, the unphysicalK matrices for LSP partial
waves from L50 to 14 only allowed us to generat
intermediate-coupled physicalK matrices for JP partial
waves fromJ50 to 12.5. A partial-wave sum over this set
K matrices is not sufficiently complete to generate effect
collision strengths for collisional-radiative modeling calcu
tions over a wide range of temperatures. Thus, we also
formed no-exchangeLS R-matrix calculations for allLSP
partial waves fromL512 to 60. We then used the ICF
method to generate intermediate-couplingK matrices for all
JP partial waves fromJ513.5 to J558.5. These high-J
contributions were then topped up for the dipole-allow
transitions using a method originally described by Burg
@14# and implemented in our ICFT program for intermedia
coupling. Additionally, the nondipole transitions we
topped up assuming a geometric series inJ. These ICFT
calculations allowed us to determine intermediate-coup
cross sections and effective collision strengths between
17 levels arising from the 11 terms included in the 11-st
LS calculation and between the 31 levels arising from the
terms included in the 19-stateLS calculation.

As a completely independent test of our ICFT results,
applied relativistic distorted-wave theory to the calculati
of excitation cross sections using theHULLAC atomic-
scattering package@15#. In this package, the atomic structu
is calculated by using Klapischet al.’s fully relativistic
RELAC program@16#. The main idea of this approach is th
introduction of an analytic central potential whose screen
parameters are determined by minimizing the first-order r
tivistic energy of a set of configurations. The collisional e
citation cross sections are calculated in the distorted-w
approximation. This package uses the factorizati
interpolation method@2#, which significantly improves the
computational efficiency for the calculation of the radial i
tegrals.

In Fig. 3, we show the electron-impact excitation cro
sections for the 1s2 1S0→1s2p 3P1 and 1s2 1S0
→1s2p 1P1 transitions in the upper and lower parts, r
spectively. Both the 31-state ICFTR-matrix and relativistic
distorted-wave results are presented. The results of the
calculations are in very good agreement, apart from the
that we have not included resonance contributions in
distorted-wave calculations. In the upper part of Fig. 4,
show the excitation cross sections for the 1s2 1S0
→1s3p 3P1 transition. The agreement in the backgrou
excitation cross sections between the two calculations is
very good. The excitation cross sections for the 1s2 1S0
06271
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→1s3p 1P1 transition is shown in the lower part of this fig
ure. The small discrepancy between the background c
sections is most likely due to the coupling effects included
the R-matrix calculation. We conclude that, for Mg101, the
relativistic effects do not have a predominant role in the c
culation of the background cross sections, and they can
accounted for very well by using a Breit-Pauli approxim
tion.

B. Radiative rate calculations

To carry out collisional-radiative modeling for Mg101, we
need both collisional excitation rates and radiative de

FIG. 3. Electron-impact excitation cross section for the 1s2

→1s2p transitions in Mg101. Upper part: transition to the
1s2p 3P1 level. Solid curve: 19-LS/31-LSJ stateR-matrix calcu-
lation. Triangles: relativistic distorted-wave calculation. Lower pa
transition to the 1s2p 1P1 level. Solid curve: 19-LS/31-LSJ state
R-matrix calculation. Triangles: relativistic distorted-wave calcu
tion.

FIG. 4. Electron-impact excitation cross section for the 1s2

→1s3p transitions in Mg101. Upper part: transition to the
1s3p 3P1 level. Solid curve: 19-LS/31-LSJ stateR-matrix calcu-
lation. Triangles: relativistic distorted-wave calculation. Lower pa
transition to the 1s3p 1P1 level. Solid curve: 19-LS/31-LSJ state
R-matrix calculation. Triangles: relativistic distorted-wave calcu
tion.
1-3
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TABLE I. Energies~E! and electric dipole radiative rates~A! for Mg101, from a fully relativistic para-
metric potential calculation~HULLAC! calculation, a Breit-Pauli configuration-interaction calculation us
configuration-average Hartree-Fock orbitals~CAHF!, and a Breit-Pauli configuration-interaction calculatio
using orbitals generated from a multi-configuration Hartree-Fock calculation that includes orbital rela
and term dependence~MCHF!.

HULLAC CAHF MCHF
Transition E ~eV! A ~Hz! E ~eV! A ~Hz! E ~eV! A ~Hz!

Ka2 1342.77 1.9231010 1343.92 2.6331010 1342.49 3.2131010

Ka1 1352.92 2.1031013 1353.96 2.0131013 1351.92 1.9731013

Kb2 1577.07 5.653109 1577.92 8.293109 1576.19 1.0131010

Kb1 1580.12 6.8131012 1580.66 5.7331012 1578.78 5.4531012
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rates. For this purpose, we calculated all electric-dipole
diative rates between the levels. The dominant radiative t
sition rates to the ground level are shown in Table I, obtain
using both theHULLAC code and a Breit-Pauli configuration
interaction calculation using CAHF radial orbitals. Unlik
the excitation processes, these results show a noticeable
crepancy in the rates for the transitions from the3P1 levels.
One might expect these differences to have an effect on
emissivity calculations, thus they need to be determined
accurately as possible. Selecting a method for an accu
calculation of the intercombination transitions is a delic
issue, due to the competition between term dependence
relativistic effects.

Mg101 is a borderline case that demands a careful an
sis to decide whether a relativistic or nonrelativistic meth
has to be employed. In a systematic study of
1s2p 3P121s2 1S0 and 1s3p 3P121s2 1S0
intercombination-line transitions in heliumlike ions, Laug
lin @17# concluded that ‘‘due to the breakdown ofLS cou-
pling, a first-order perturbation scheme employing nonre
tivistic wave functions should not be employed to calcul
intercombination-line transition rates for ions whose n
positive charge is greater than 12.’’ Another point of vie
was expressed by Kim@18# who studied the strengths an
weaknesses of relativistic atomic-structure calculations. K
noted that ‘‘transition probabilities for a spin-forbidden tra
sition, in a relativistic formulation is usually obtained as
result of cancellation that is very sensitive to the differen
in the radial functions of the samel but differentj ’s, such as
2p1/2 and 2p3/2 . . . . In fact, a nonrelativistic calculation us
ing a perturbation method would be more reliable because
such cancellation occurs in the nonrelativistic calculation

Relativistic mixing of LS states plays a crucial role i
determining the radiative rates from the 1s2p 3P1 and
1s3p 3P1 levels. In pureLS coupling, the transition from a
3P level to the 1S ground state is forbidden. Therefore, th
only way in which this radiation can be produced in t
Breit-Pauli approximation is through the spin-orbit intera
tion that mixes the1P1 and the3P1 levels. The product of
the square of the term-coupling coefficient@(0.036)2

50.00131# and the radiative rate for the transitio
1s2p 1P1 →1s2 1S0 ~2.01 31013 Hz) gives the calcu-
lated value of 2.6331010 Hz for the 1s2p 3P1→1s2 1S0
transition. The spin-orbit interaction is calculated perturb
tively in the Breit-Pauli approximation, whereas in the re
06271
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tivistic framework, it is introduced in the zeroth orde
through the use of the Dirac equation.

We investigated the importance of two effects on the n
relativistic orbitals that could, in turn, affect the radiativ
rates from the levels of the 1s2p and 1s3p configurations to
the ground state. As mentioned previously, the 1s orbital
used in our excitation calculations was determined from
HF calculation on the 1s2 ground state. However, the 1s
orbitals in the 1snl configurations relax as compared to th
1s orbital in 1s2. In a ten-times ionized species, one wou
expect this orbital relaxation to be small. Nevertheless, it w
investigated because of the sensitivity of the 1snp 3P1

→1s2 1S0 radiative rates to the amount of mixing betwe
the 3P1 and the1P1 levels. In order to include this effect, w
first generated a new 1s orbital from a single-configuration
HF calculation on the 1s2p 3P term. We then corrected th
1s orbital in the 1s2 1S term by performing a multiconfigu-
ration Hartree-Fock~MCHF! @19# calculation in which we
minimized the energy of the 1s2 1S term and included the
1s2 1S, 1s2s 1S, 1s3s 1S, 1s4s 1S, and 1s5s 1S terms,
with all orbitals but the5s pseudo-orbital frozen.

The second effect we considered was the variation of
bitals with theLS term (LS term dependence!. The largest
effect of term dependence in He-like ions would be expec
to occur in the 1snp configurations where two differentnp
orbitals should be used to describe3P and 1P terms. This
should be small in Mg101; furthermore, it is already partially
included in our previous structure calculations through c
figuration interaction between terms of the 1snp configura-
tions. Nevertheless, in order to more completely include t
effect, we used the following procedure. Thenp orbitals
with (n52, 3, and 4! were first obtained from a series o
1snp 3P single-configuration Hartree-Fock calculation
Then, we introduced a5p pseudo-orbital to correct for term
dependence in the 2p orbital by performing a MCHF calcu-
lation that included the 1s2p 1P, 1s3p 1P, 1s4p 1P, and
1s5p 1P terms, and minimized the energy of the 1s2p 1P
term by varying the5p orbital with all other orbitals frozen.
Finally, we corrected the 3p orbital for term dependence b
generating a6p pseudo-orbital in a MCHF calculation in
which we minimized the energy of the 1s3p 1P term and
included the 1s3p 1P, 1s2p 1P, 1s4p 1P, 1s5p 1P, and
1s6p 1P terms.
1-4
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The dominant radiative transition rates to the grou
level, determined by using the orbitals from these MCH
calculations in a Breit-Pauli configuration-interaction calc
lation, are also shown in Table I. The most sophistica
calculation performed to date for the 1s2p-1s2 transitions is
a relativistic many-body theory calculation by Johnsonet al.
@20#, who obtained 3.37531010 Hz for the intercombination
transition and 1.94831013 Hz for the resonant transition. A
can be seen, our MCHF results show improved agreem
with those of Johnsonet al. @20# for the intercombination
transition. This is primarily due to the inclusion of relaxatio
in the 1s orbital, which slightly increases the mixing be
tween the 3P1 and the 1P1 levels. The additional term
dependence included in the MCHF calculation was found
have little effect on this rate.

It should be pointed out that the electron-impact exc
tion from the ground state to the3P1 levels is not as sensi
tive to the amount of3P1-1P1 mixing, since this process i
less selective and includes exchange and different pa
waves. Therefore, orbital relaxation has very little effect
excitation to the3P1 levels, and the CAHF orbitals shoul
provide accurate cross sections for these transitions.

III. COLLISIONAL-RADIATIVE AND EMISSIVITY
CALCULATIONS

A. Isolated-ion approximation for Maxwellian plasmas

Our application of collisional-radiative theory to the ca
culation of level populations and emissivities for Mg101 is
based on the atomic data and analysis~ADAS! package@21#.
ADAS is an interconnected set of computer codes and d
collections developed at JET for modeling the radiat
properties of ions and atoms in magnetic fusion plasmas
for assisting in the analysis and interpretation of spec
measurements.

The excitation cross sections were Maxwellian-avera
to obtain effective collision strengths over a range of elect
temperatures from 105 to 108 K. These were used within
ADAS to determine excitation and de-excitation rate coe
cients. These rate coefficients, in combination with the rad
tive rates, were then employed to determine the level po
lations by solving the system of coupled equations given

dNj

dt
5(

i , j
NiNeQi j 1(

k. j
Nk~NeQk j1Ak j!

2NjF(
i , j

~NeQji 1Aji !1(
k. j

NeQjkG , ~1!

where a static approximation is assumed:

dNj

dt
50, ~2!

and whereNj is the population number density of levelj, Ne
is the electron density,Qi j is the electron-impact excitatio
rate coefficient for thei→ j transition, andAji is the sponta-
neous radiative rate for thej→ i transition. Once the leve
06271
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populations have been determined for a given electron t
perature and density, thei→g over j→g emission line ratio
is given by

I i→g

I j→g
5

Ni

Nj

Aig

Ajg
. ~3!

We first assumed an isolated-ion approximation, where
combination, ionization, and charge-exchange contributi
from adjacent ions, as well as emission from satellite tran
tions, were not included.

In this paper we focused on two line ratios involving so
x-ray transitions. In Fig. 5 we show theKa2 /Ka1
(1s2p 3P1→1s2 1S0 over 1s2p 1P1→1s2 1S0) emission
line ratio, using the 31-stateR-matrix calculation. Results are
shown for electron densitiesNe5108 cm23 ~part a! and
Ne51012 cm23 ~part b!. At the plasma conditions studied i
the present paper, the populations of the excited levels
extremely small. We found that our modeling calculatio
were insensitive to whether we employed our 17-state IC
R-matrix, 31-state ICFTR-matrix, or 31-level relativistic
distorted-wave results, for the electron-impact excitation p
cesses. Therefore, we make the following conclusions c
cerning the excitation cross-section calculations. First,
resonance structures in the excitation cross sections~not in-
cluded in the distorted-wave calculation! produce a negli-
gible effect on the population of the levels. Second, the pr
ence of the 1s4l levels ~included in the 31-state calculatio
but not in the 17-state calculation! does not affect the popu
lation of the other levels. Thus, at the plasma conditio
studied in this paper, the cascades are negligible. Third, r
tivistic effects on the excitation processes are sufficien
well determined by a semirelativistic approximation.

Since the population of the surrounding levels is e
tremely small, we can make an approximation that mim

FIG. 5. Emission line ratio for theKa2 /Ka1 transitions at~a!
Ne5108 cm23, and~b! at Ne51012cm23. Solid curves are results
that include all low-order electric and magnetic multipole radiat
transitions between all 31LSJ levels included in the collisional-
radiative model. Dashed curves are results in which only elect
dipole (E1) radiative transition rates have been included.
1-5
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the full collisional-radiative model, neglecting any popul
tion mechanism other than excitations from the ground st
Using this approximation, theI i→g /I j→g line ratio, wherei
andj are the 1s2p 3P1 and 1s2p 1P1 levels, now becomes

I Ka2

I Ka1

5
I i→g

I j→g
.

Qgi

Qg j

Aig

(
k, i

Aik

(
k, j

Ajk

Ajg
5

Qgi

Qg j

Big

Bjg
, ~4!

whereBig is the radiative branching ratio for leveli. For the
Ka line ratio, both branching ratios are very close to on
therefore, it is not sensitive to the radiative rate fro
1s2p 3P1 to 1s2 1S0, which depends on the very wea
spin-orbit mixing between the1P and 3P terms.

In the above line ratio calculations we include all t
electric-dipole radiative transitions, calculated from o
MCHF calculations; these were supplemented by magne
dipole and electric- and magnetic-quadrupole radiative tr
sitions, calculated by using theHULLAC code. We have also
included the two-photon radiative transition from th
1s2s 1S0 to the 1s2 1S0 level. The rate of this transition
calculated by Derevianko and Johnson@22#, is 3.24931010

Hz. In order to test the importance of the higher-order m
tipoles, we carried out calculations of the line ratios wh
only electric-dipole transitions were included in th
collisional-radiative equations. This would seem to be a go
approximation, since the other radiative rates are sm
However, as shown in Fig. 5~dashed curves!, neglecting the
generally weaker electric-quadrupole, magnetic-dipole,
magnetic-quadrupole radiative rates produces more tha
order of magnitude overestimation of the electron tempe
ture. In particular, we found a fundamental role played
the radiative transition from the first excited level 1s2s 3S1
to the ground state. This transition is well know for its co
siderable astrophysical importance@23#, and it is called thez
transition in the spectroscopic notation of Gabriel@24#. The
1s2s 3S1→1s2 1S0 is a relativistic magnetic-dipole trans
tion @25# ~vanishes in the nonrelativistic limit!, and ourHUL-

LAC calculation produced a rate of 7.263104 Hz, which
compares very well with the value 7.293104 Hz calculated
using relativistic many-body theory by Johnsonet al. @26#.

By neglecting this transition, the first excited level cann
radiate at all, and this has the following effect. First of a
collisional excitations from the ground state are now su
cient to significantly populate this level, even at low electr
densities. Second, through direct excitation from 1s2s 3S1,
and by the multistep process consisting of excitation fr
1s2s 3S1 to 1s2p 3P2, followed by collisional de-
excitation to 1s2p 3P1, the population of the 1s2p 3P1
level is significantly enhanced. Therefore, theKa line ratio
increases when the magnetic-dipole transition rate from
1s2s 3S1 to the ground state is not included in the calcu
tion, as is shown in Fig. 5. At very low electron densities,
found that theKa line ratio is also affected by whether th
two-photon radiative transition 1s2s 1S0-1s2 1S0 is in-
cluded or not. Neglecting this transition has the effect
increasing the population of the 1s2s 1S0 level substan-
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tially, modifying the population of the surrounding levels. A
low density, the 1s2s 1S0 level populates the 1s2p 3P1
level by radiative decay, producing an enhancement in
Ka line ratio. When the electron density increases, the m
depopulation mechanism of the metastable 1s2s 1S0 level is
the excitation to the 1s2p 1P1 level, and that produces
decrease in theKa line ratio. This explains the difference
between part~a! and~b! on Fig. 5. At low densities, neglect
ing both transitions from the 1s2s levels to the ground state
increases theKa line ratio, while at higher densities, ne
glecting each one of these transitions has the opposite ef
producing a smaller overall effect.

One may wonder about the sensitivity of these calcula
line ratios to the value of the magnetic-dipole and tw
photon radiative rates. We found that when the first exci
level is allowed to decay radiatively, the calculations are
longer sensitive to the magnitude of the decay rate. At l
electronic densities, arbitrarily decreasing the magne
dipole radiative transition rate from 1s2s 3S1 to the ground
state by a factor of 103 did not affect theKa line ratio. For
Ne51012 cm23, we found that decreasing the rate by a fa
tor of 5 changed theKa line ratio by only 10%. Further-
more, increasing the magnetic-dipole radiative rate had
effect on the ratio. We discovered the same insensitivity
the Ka line ratio to the magnitude of the two-photon rat
Decreasing it by a factor of 103 changed the ratio by only
about 5%, while increasing the rate had no effect.

In Fig. 6 we show theKb2 /Kb1 (1s3p 3P1→1s2 1S0
over 1s3p 1P1→1s2 1S0) emission line ratio, determined
using the full 31-level model. The same arguments are v
here, with respect to the radiative transitions included in
collisional-radiative model. For this line ratio, it was als
important to include the relativistic magnetic-dipole tran
tion from the 1s2s 3S1 level to the ground state. Otherwis
the population of the 1s3p 3P1 level would be overesti-
mated. In contrast to the 1s2p levels, the 1s3p levels are

FIG. 6. Emission line ratio for theKb2 /Kb1 transitions at~a!
Ne5108 cm23 and~b! at Ne51012 cm23. Solid curves are results
that include all low-order electric and magnetic multipole radiat
transitions between all 31LSJ levels included in the collisional-
radiative model. Dashed curves are results in which only elect
dipole (E1) radiative transition rates have been included.
1-6
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INFLUENCE OF ATOMIC RADIATIVE AND . . . PHYSICAL REVIEW A 62 062711
more likely to radiate to lower levels other than the grou
state, and the radiative branching ratios@Eq. ~4!# are differ-
ent. Therefore, theKb line ratio is not independent of th
radiative transition from 1s3p 3P1 to 1s2 1S0. As the re-
sults show, both line ratios provide a very useful electr
temperature diagnostic since they are insensitive to cha
in the electron density.

B. Isolated-ion approximation for electron-beam plasmas

In support of current spectral measurements of high
charged heliumlike ions using an electron-beam ion t
@26#, we carried out additional collisional-radiative calcul
tions in which the Maxwellian energy distribution was r
placed by a monoenergetic-beam energy distribution.
line ratios involving the 1s2p levels at 1500 eV are pre
sented in Table II for both a Maxwellian and an electro
beam plasma, while the line ratios involving the 1s3p levels
at 1700 eV are presented in Table III. The non-Maxwelli
beam line ratios are larger than the Maxwellian line ratios
both cases, since the energies were chosen to be just a
the excitation thresholds. As one would expect, the co
sional excitation cross sections for the spin-changing tra
tions from 1s2 1S0 to 1snp 3P1 have a much different en
ergy dependence than the excitation cross sections for
dipole-allowed transition from 1s2 1S0 to 1snp 1P1 ~see
Figs. 3 and 4!. When the rate coefficient is determined usi
a Maxwellian distribution it is affected by the drop in th
3P1 cross sections at high energies. Consequently, the
ratios decrease when compared to the non-Maxwellian b
line ratios.

C. Ionization, recombination, and satellite transitions

In an attempt to find other possible mechanisms that
fect the intensity ratios, we calculated the contribution fro
radiative and dielectronic recombination~DR! of hydrogenic
Mg111. Using a distorted-wave approximation implement
in theAUTOSTRUCTUREcode@27,28#, detailed calculations o
the radiative recombination from the Mg111 1s ground state
to all the 31 levels of the Mg101 ion were performed. We
also made detailed distorted-wave calculations of the
rate coefficient from the 1s level. We included in our calcu

TABLE II. Ka line ratio for Mg101 at an energy of 1500 eV.

Maxwellian Electron-beam
Ne energy distribution energy distribution

108 cm23 0.07 0.25
1012 cm23 0.08 0.26

TABLE III. Kb line ratio for Mg101 at an energy of 1700 eV.

Maxwellian Electron-beam
Ne energy distribution energy distribution

108 cm23 1.931023 8.931023

1012 cm23 2.031023 9.031023
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lations all the intermediate 2snl and 2pnl (n52,5) autoion-
izing levels, and the cascade contributions from those hi
lying levels. We found that the DR rate coefficients are n
negligible, and for some particular levels DR is the ma
recombination mechanism. We also calculated direct ion
tion rate coefficients from every level to the Mg111 1s
ground state, using the parametrized Lotz formula@29#.
Charge-exchange contributions from adjacent ions were
included in this paper.

We modified the system of coupled equations@Eq. ~1!# in
order to calculate the contribution of recombination to t
emission line ratios. The total recombination rate coe
cients, together with ionization rate coefficients, were
cluded in the system of rate equations that also included
1s level of Mg111. In Fig. 7 we show theKa2 /Ka1 emis-
sion line ratio including the recombination contribution fro
the hydrogenic Mg111 ion ~solid lines!, and neglecting this
contribution~dashed lines!. At low electron temperatures, th
relative population of the hydrogenic ion is negligible, a
therefore cannot contribute to the line emission of the H
like ion. At higher temperatures, recombination becom
very important, and enhances the intensity of theKa2 over
Ka1. Figure 8 shows theKb2 /Kb1 emission line ratio in-
cluding the recombination contribution from the hydrogen
ion ~solid lines!, and neglecting this contribution~dashed
lines!. The same argument about the behavior of the l
ratios as a function of the electron temperature is valid he
We found that the contribution of ionization from the excite
levels is negligible for this plasma regime.

An additional mechanism that can affect the measurem
of the line ratios is the presence of emission lines from lit
umlike Mg91 which overlap with the heliumlike resonanc
lines. In particular, lithiumlike satellite transitions of the typ
1s2lnl 8→1s2nl and 1s3lnl 8→1s2nl need to be taken into
account. These satellite transitions broaden the helium
emission feature and could result in an overestimate of

FIG. 7. Emission line ratio for theKa2 /Ka1 transitions at~a!
Ne5108 cm23 and~b! at Ne51012 cm23. Solid curves are results
that include ionization to, and radiative and dielectronic recombi
tion from, the 1s ground-state level of the hydrogenic Mg111 ion.
Dashed curves are results that neglect this contribution.
1-7
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density if ignored in modeling calculations. Experimen
and theoretical investigations show that, in dense and c
Mg plasmas, the satellite structures of resonance lines
become more intense than the resonance lines themse
The dominant role ofKa dielectronic satellites in the radia
tion spectra of Mg laser produced plasmas has been dem
strated by Rosmejet al. @30,31#. At electronic densities
higher than 1021 cm23, and at a low electron temperatu
('80 eV), the 1s2lnl 8 manifold becomes at least as in
tense as theKa1 resonance line and many intense satelli
overlap theKa2 intercombination line, resulting in a broa
asymmetric spectral feature. The lines of high-intensityKb
dielectronic satellites 1s3lnl 8 in dense laser-produced M
plasmas have also been investigated by Rosmejet al. @32#.
The 1s3l3l 8 satellites are found on the long-wavelength s
of theKb2 line, the 1s3l4l 8 satellites overlap with theKb2
intercombination line, and the high-n satellites blend with
theKb1 resonance line. BecauseKb2 is a weak feature, any
enhancement from blends with dielectronic satellites co
be substantial and make a large difference in theKb line
ratios.

We performed detailed calculations of the lithiumlike s
ellite spectra, including all levels in the 1s2nl, 1s2snl,
1s2pnl, 1s3snl and 1s3pnl (n52,5) configurations, as
suming that these levels are populated by dielectronic c
ture from the 1s2, 1s2s, and 1s2p levels of the He-like ions.
The capture rates from the excited heliumlike levels are h
compared to the capture from the ground state, due to
different energies and autoionization rates. Under typ
conditions of laser-produced plasmas near the target sur
~cold dense and optically thick plasmas!, this is the main
mechanism that produces the strong satellite lines. Howe
we found that at low densities, the population of the exci
1s2l heliumlike levels are negligible, and therefore the
tensity from dielectronic satellites 1s3lnl 8 is negligible.

It is important to emphasize that both the recombinat
contribution and the dielectronic satellites can be elimina

FIG. 8. Emission line ratio for theKb2 /Kb1 transitions at~a!
Ne5108 cm23 and~b! at Ne51012 cm23. Solid curves are results
that include ionization to, and radiative and dielectronic recomb
tion from, the 1s ground-state level of the hydrogenic Mg111 ion.
Dashed curves are results that neglect this contribution.
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in an electron-beam experiment. The recombination con
bution can be eliminated if the energy of the electrons
smaller than the first ionization limit. Since the dielectron
recombination is a resonant process, a narrow electron-b
excitation can produce the heliumlike line, separately fro
the dielectronic satellites, which allows one to separate
relative contributions to the weak intercombination-line fe
ture.

IV. SUMMARY

Using R-matrix theory, electron-impact excitation cros
sections and rate coefficients were determined for Mg101. An
intermediate-coupling frame transformation of th
LS-coupled unphysicalK matrices allowed cross sections
be obtained for all 465 transitions among the 31LSJ levels
of the 1s2, 1s2l , 1s3l , and 1s4l configurations. An inde-
pendent check on the excitation cross sections was m
using relativistic distorted-wave theory. Pseudo-orbitals
termined from MCHF calculations were used to correct
orbital relaxation and term dependence in a Breit-Pauli c
culation of the electric-dipole radiative transitions. A ful
relativistic theory was used for all the other low-order ele
tric and magnetic multipole transitions. These calculatio
were made to complete the construction of a collision
radiative atomic data set for Mg101, which is now available
at the ORNL Controlled Fusion Atomic Data Center~inter-
net site: http://www.cfadc.ornl.gov!.

The ADAS collisional-radiative modeling codes and th
Mg101 atomic data set were used to calculate equilibriu
populations for all 31LSJ levels over a range of electro
temperatures and densities. Spectral intensities for
1snp 3P1→1s2 1S0 and 1snp 1P1→1s2 1S0 transitions
were then calculated to produceKa andKb line ratios. Nei-
ther line ratio is sensitive to the effects of resonances in
excitation cross sections, included in theR-matrix calcula-
tions and neglected in the relativistic distorted-wave calcu
tions. Also, the effect of cascades is negligible.

The intercombination radiative rates depend on very w
spin-orbit mixing between the1P and 3P terms, and com-
parison with sophisticated relativistic many-body perturb
tion theory calculations indicate that orbital-relaxation e
fects are important in the determination of reasona
accurate radiative rates for these transitions. TheKa line
ratio is not sensitive to the intercombination radiative ra
however, theKb line ratio has a linear dependence on th
radiative rate, and this is the largest source of uncertaint
this ratio.

These results show the importance of including the re
tivistic magnetic-dipole radiative transition 1s2s 3S1
→1s2 1S0 in the calculations, otherwise, the excited lev
1s2s 3S1 cannot radiate at all, resulting in an overestimati
of the line ratios. At very low electron densities, the tw
photon radiative transition 1s2s 1S0→1s2 1S0 has to be
included in the calculations, since it affects theKa line ratio.

Radiative and dielectronic recombination of hydrogen
Mg111 produces an enhancement of bothKa and Kb line
ratios, at temperatures higher than 800 eV where the hy
genic population becomes dominant. The detailed recom

-

1-8



iv
L
ve
li
c

de
fo

r
as

e of
n-
eley

INFLUENCE OF ATOMIC RADIATIVE AND . . . PHYSICAL REVIEW A 62 062711
nation rate coefficients, needed for the collisional-radiat
atomic data set for Mg101, are also provided at the ORN
web site. We found that the dielectronic satellites lines, e
though they overlap with the heliumlike lines, have a neg
gible intensity at the conditions studied in this paper. Sin
both line ratios have a weak dependence on the electron
sity, they provide useful electron temperature diagnostics
low-density plasmas.
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