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In this paper, we report on theoretical calculations of electron-impact excitation cross sections and radiative
transition rates for M{*. 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 Ka,/Ka; (1s2p °P;—1s? 'S, over 1s2p P;—1s? 'S;) emission line ratio and th&B,/Kg;

(1s3p °P;—1s? 1S, over 1s3p P;—1s? S,) 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 the2% 3S; level to the ground state was included or not. At

very low electron densities, thes2s 1S, two-photon transition to the ground state also has an effect on the
Ka,/Kay line ratio. In addition, we found that the line ratios are enhanced at high temperatures by radiative
and dielectronic recombination from the hydrogenic'i¥igion. 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 numbsd(s): 34.80.Kw, 52.20.Fs

[. INTRODUCTION further semirelativistic and fully relativistic atomic structure
calculations for the radiative rates among ti&J levels, we

Spectral line emission from atomic ions of the helium have applied collisional-radiative thedry] to calculate level
isoelectronic sequence may be used as a temperature apdpulations and line emissivities for MY as a function of
density diagnostic for a variety of laboratory and astrophysi-€lectron temperature and density. In particular, we have ex-
cal plasmas. An important population mechanism for the examined theKa line ratio involving theKa, (1s2p 3P,
cited states of radiating atomic ions is electron-impact exci-—1s? 'S;) and Ka; (1s2p 'P;—1s? 'S,) transitions
tation from ground and metastable states. In the presenind the KB line ratio involving the KB, (1s3p 3P,
investigation, we have applied semirelativistic close-—1s? 1S)) and KB; (1s3p 'P;—1s? 1S,) transitions.
coupling[1] and fully relativistic distorted-wav§2] scatter-  Both line ratios provide a very useful electron-temperature
ing theory to the calculation of electron-impact excitation diagnostic for heliumlike plasmas. The heliumliKex emis-
cross sections of MJ*. The most complet®matrix close-  sion has been studied in detail in tokamdk$ and those
coupling calculation$3] to date for Mg®" included only 11  studies demonstrated the great utility of tke: spectra for
LS terms and did not determine the excitation cross sectiondetermining the plasma electron temperature, the ion trans-
between fine-structure levels. The results of tRanatrix  port coefficients, the fraction of non-Maxwellian electrons,
calculations are reported below, one involving 1$ terms  the toroidal plasma rotation velocity, and the plasma ion
of the six configurations: &, 1s2I, and 1s3I, and a second temperatures. Th& 3 spectra are important spectral diag-
involving 19 LS terms of the ten configurations: nostics of laser-produced plasmas in inertial confinement fu-
1s?, 1s2l, 1s3l, and 1s4l. Using a recently developed sion researcli7]. In addition, the utility ofK 8 spectra as a
intermediate-coupling frame transformatiof] of the  diagnostic of the electron temperature for tokamaks has been
R-matrix K matrices calculated .S coupling, cross sec- recently illustrated8,9].
tions have been determined for all the transitions among the In this paper, we have investigated the influence of differ-
17 LSJlevels of the first calculation and the 2SJlevels  ent atomic processes on the plasma modeling ofMipns
of the second calculation. We have also carried out fullyat low electron densities. We have compared the results ob-
relativistic distorted-wave calculations for the excitations be-tained by doing different calculations for the excitation cross
tween the 31 levels of the configurations?1 1s2|, 1s3l, sections and the radiative transitions. In particular, we have
and 1s4l. studied the influence of resonance structures on the excita-

Using the collisional rate coefficients, supplemented bytion cross sections; the effect of the highly excited levels on
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the population of the low-lying levels; and relativistic,  °%

orbital-relaxation, and term-dependent effects on the electric-

dipole radiative rates. We have also investigated the contri€ *® [ et

bution to the line intensity from radiative and dielectronic

recombination of the hydrogenic MY ion and the effects

of overlapping dielectronic satellite transitions. 0.1 4 L r\ M ]
Our focus on these two emission line ratios also provides # k" M*H&.\f*ﬂ

support for ongoing spectral measurements of highly chargec ‘ ‘

atomic ions under well-controlled laboratory conditions us- }

0.02

Cross Section

ing an electron-beam ion trdf0]. In particular, experimen- MR = o

tal results for theK 3 line ratios on both tokamaks and ion g |

snéection (Mb)
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values[8,11], and detailed studies are required in order t0 § oo | \ \ ‘M\J

identify the factors that contribute to these discrepancies. It r \M W“ -

is essential for any further refinement of the collisional- 0, s = BT

radiative modeling to have an accurate atomic data base, an.. Incident Electron Energy (eV)

:E:z B:;ea:lsis (?rzzrr?izperg\/;iefgl:(r;vf/rs"'sinpaspe?:r. I-:— r\:\?erg:gigieéu()f FIG. 1. Electron-im_p_act_ excitation cross section for the
. : - R . Ih &2 s 1s2p P transition in Md¢®". Upper part: 11-S state

atomic-scattering and raQ|at|ve transition rate calcu!atmns, I(T’-matrix calculation. The diamonds are results from R,

Sec. Ill we present our line emission ratio calculations, anq o, part: 19L S stateR-matrix calculation.

in Sec. IV we summarize our findings.

nances and the small structure corresponding to resonances
attached to terms of thes#l configurations, the agreement
between the 11-state and 19-state calculations is excellent,
A. Atomic scattering calculations and they both are in good agreement with the results of Tayal
3]. In Fig. 2, we show the cross sections for the? 1'S—

s2p P transition. We also find very good agreement be-
ween the present 11-state and 19-state calculations and the
results of Taya[3] for this transition.

In order to generate level-to-level effective collision
e'strengths for collisional-radiative modeling in this ion, we
performed intermediate-coupliigkmatrix calculations using
the intermediate-coupling frame transformatidhCFT)
method [4]. By employing multichannel quantum-defect
theory, unphysicakK matrices were first generated on a rela-
tively coarse energy mesh from oRfrmatrix calculations in
pure LS coupling. Next, these unphysic&l matrices were

II. ATOMIC STRUCTURE AND RATE CALCULATIONS

Our application ofR-matrix theory to the calculation of L
electron-impact excitation cross sections and rate coefficien
is based on theRMATRX | atomic-scattering packadé2].
The bound-state radial orbitals for M§ were calculated
using Froese-Fischer's Hartree-Fock progrgil]. The 1s
orbital was generated from a Hartree-Fock calculation of th
1s? ground configuration, while the remaining orbitals
(n=2,3,4;1=0 ton—1) were generated from frozen-core
configuration-average Hartree-FO@AHF) calculations for
the 1snl excited configurations. In order to compare our
cross sections with the previous 11-stRtenatrix calculation
[3], we first performed two calculations IoS coupling: one
included the 11.S terms belonging to the six configurations
1s?, 1s2l, and s3I, while a second calculation involved 19
LS terms of the ten configurationssd, 1s2l, 1s3l, and
1s4l. The size of th&R-matrix box was equal to 4.25 a.u. for
the 111 S-state calculation and 6.62 a.u. for the 18-state
calculation. To obtain a good representation of the con-g }‘ \‘
tinuum up to a maximum energy of 300 Ryd, 35 and 50 © J%MMH’H—”—*’—”#
continuum basis orbitals per angular momentum were usec |
for the 111 S-state and 19-S-state calculations, respec-
tively. We included allLSIT partial waves up td. =14; this ~ _ | oS
was sufficiently complete for comparison of cross sections2
from the ground state. T 002 |

The level of agreement between our ti8 calculations
with each other and with the 11-state calculation of Tagal 01 | O
is illustrated in Figs. 1 and 2. In Fig. 1, we show the electron- \
impact excitation cross section from the?1*S ground term %250 1500 1750 2000
to the 1s2p 3P excited term. In the upper part of Fig. 1, the incdent Elecron Energy (1)
results of the present 11S state calculation are shown, in F|G. 2. Electron-impact excitation cross section for the
Comparison to the results of Tay[eﬂ] In the lower part of 152 1S_>152p 1p transition in Md»OJr_ Upper part: 11-S state
Fig. 1, the cross section from the 1% state calculation iS R-matrix calculation. The diamonds are results from Rgf].
shown. Apart from the strength of some very narrow reso{ower part: 19t S stateR-matrix calculation.
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transformed algebraically to purgK coupling, and then 0.04
transformed to full intermediate coupling via term-coupling ,

.. . . S 0.03 —— R-matrix
coefficients. These unphysicd matrices vary smoothly = | A Distorted Wave

with energy and can be interpolated onto a fine energy mesk o |
in order to later resolve narrow resonance structures. In thisg
case, we used 5000 mesh points in the energy region of thé oot 'ﬂ

excitation thresholds. Finally, using multichannel quantum- {LJVHU[ e
defect theory, we generated the physi€ahatrices from the '
unphysical ones. This ICFT method has been shown to yielc
cross sections, including the detailed resonance structure,
excellent agreement with full Breit-PauR-matrix calcula-
tions[4].

0.03 | —— R-matrix
| A Distorted Wave

0.02 A

However, the unphysicaK matrices for LSII partial 001 | Al 'ﬂ ‘ TEE——
waves fromL=0 to 14 only allowed us to generate T
intermediate-coupled physicdl matrices for JII partial 0050 1500 1750 2000
waves fromJ=0 to 12.5. A partial-wave sum over this set of Incident Electron Energy (e¥)
K ma_trices is not sufficientl_y complgte_ to generate effective FIG. 3. Electron-impact excitation cross section for the® 1
collision strengths for collisional-radiative modeling calcula- _ 155y transitions in Md®*. Upper part: transition to the
tions over a wide range of temperatures. Thus, we also pefspp 3p, level. Solid curve: 19:S/31-.SJ stateR-matrix calcu-
formed no-exchangéS Rmatrix calculations for alLSIT  |ation. Triangles: relativistic distorted-wave calculation. Lower part:
partial waves fromL=12 to 60. We then used the ICFT transition to the $2p P level. Solid curve: 19-S/314.SJ state
method to generate intermediate-couplignatrices for all ~ R-matrix calculation. Triangles: relativistic distorted-wave calcula-
JIT partial waves fromJ=13.5 to J=58.5. These higl# tion.
contributions were then topped up for the dipole-allowed 1 . ) L
transitions using a method originally described by Burgess~1S3P "P1 transition is shown in the lower part of this fig-
[14] and implemented in our ICFT program for intermediate!re: The small discrepancy between the background cross
coupling. Additionally, the nondipole transitions were sections is most likely due to the coupling effects included in

: . - the R-matrix calculation. We conclude that, for Mg, the
topped up assuming a geometnc. ser_|es].|nTh¢se ICFT . _relativistic effects do not have a predominant role in the cal-
calculations allowed us to determine mtermedlate-couphnq:ulation of the background cross sections, and they can be
cross sections and effective collision strengths between thg. . .4 oy very well by using a Breit-Pauli approxima-
17 levels arising from the 11 terms included in the 11-state.

L S calculation and between the 31 levels arising from the lghon.

terms included in the 19-stateS calculation. B. Radiative rate calculations
As a completely independent test of our ICFT results, we

applied relativistic distorted-wave theory to the calculation

of excitation cross sections using the@ULLAC atomic-

scattering packagel5]. In this package, the atomic structure oo - :
is calculated by using Klapisclet al's fully relativistic B

Cross Section (Mb,

—

To carry out collisional-radiative modeling for M, we
need both collisional excitation rates and radiative decay

(Mb)

A Distorted Wave
RELAC program[16]. The main idea of this approach is the £ >}
introduction of an analytic central potential whose screeningg
parameters are determined by minimizing the first-order rela-ﬁ
tivistic energy of a set of configurations. The collisional ex- & oot | Jp

0.002

citation cross sections are calculated in the distorted-wave
approximation. This package uses the factorization-

interpolation method2], which significantly improves the NW

—— R-matrix
A Distorted Wave

computational efficiency for the calculation of the radial in- £ *® |
tegrals.

In Fig. 3, we show the electron-impact excitation cross
sections for the & 'S,—1s2p 3P, and 1s? 1S,
—1s2p 1P, transitions in the upper and lower parts, re-
spectively. Both the 31-state ICA®matrix and relativistic %500 1750 2000 2250
distorted-wave results are presented. The results of the twu tneident Electron Energy (eV)
calculations are in very good agreement, apart from the fact rig 4. Ejectron-impact excitation cross section for the? 1
that we have not included resonance contributions in the, 153y transitions in Md%. Upper part: transition to the
distorted-wave calculations. In the upper part of Fig. 4, wejs3p 3p, level. Solid curve: 19:S/311.SJ stateR-matrix calcu-
show the excitation cross sections for thes®1'S; |ation. Triangles: relativistic distorted-wave calculation. Lower part:
—1s3p 3P, transition. The agreement in the backgroundtransition to the $3p P, level. Solid curve: 19-S/31-L.SJ state
excitation cross sections between the two calculations is alsR-matrix calculation. Triangles: relativistic distorted-wave calcula-
very good. The excitation cross sections for th& S, tion.

e

0.002 | A [

Cross Section (Mb)

0.001 |
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TABLE I. Energies(E) and electric dipole radiative ratéd) for Mg'®*, from a fully relativistic para-
metric potential calculatioiHuLLAC) calculation, a Breit-Pauli configuration-interaction calculation using
configuration-average Hartree-Fock orbitd@AHF), and a Breit-Pauli configuration-interaction calculation
using orbitals generated from a multi-configuration Hartree-Fock calculation that includes orbital relaxation
and term dependend® CHF).

HULLAC CAHF MCHF
Transition E (eV) A (Hz) E (eV) A (Hz) E (eV) A (Hz)
Ka, 1342.77 1.9 10 1343.92 2.6%10° 1342.49 3.2x10'°
Kay 1352.92 2.1 103 1353.96 2.0k 10" 1351.92 1.9% 10"
KB, 1577.07 5.65% 10° 1577.92 8.2 10° 1576.19 1.0k 10%°
KB, 1580.12 6.8% 10 1580.66 5.7%10% 1578.78 5.45% 102

rates. For this purpose, we calculated all electric-dipole rativistic framework, it is introduced in the zeroth order
diative rates between the levels. The dominant radiative trarthrough the use of the Dirac equation.

sition rates to the ground level are shown in Table |, obtained We investigated the importance of two effects on the non-
using both theduLLAC code and a Breit-Pauli configuration- relativistic orbitals that could, in turn, affect the radiative
interaction calculation using CAHF radial orbitals. Unlike rates from the levels of thesPp and 1s3p configurations to
the excitation processes, these results show a noticeable dige ground state. As mentioned previously, the drbital
crepancy in the rates for the transitions from i, levels. sed in our excitation calculations was determined from a
One might expect these differences to have an effect on lingE aculation on the €2 ground state. However, thesl
emissivity calculations, thus they need to be determined agy,ia\s in the Bnl configurations relax as compared to the

accurately as possible. Selecting a method for an accurate, ol in 1s2. In a ten-times ionized species, one would

palculatlon of the mtercombmaﬂon transitions is a dellcateeé(pect this orbital relaxation to be small. Nevertheless, it was
issue, due to the competition between term dependence an . . 3
relativistic effects. investigated because of the sensitivity of thenp °P;

21 g -
Mg'%* is a borderline case that demands a careful analy=" 1s® S, radiative rates to the amount of mixing between

3 l . .
sis to decide whether a relativistic or nonrelativistic methodt"€ “P1 and the“P; levels. In order to include this effect, we
has to be employed. In a systematic study of thefirst generated a newslorbital from a single-configuration
1s2p 3P, —1s? 15, and 1s3p 3P, —1s? 15, HF calculation on the 2p 3P term. We then corrected the
intercombination-line transitions in heliumlike ions, Laugh- 18 orbital in the &* 'Sterm by performing a multiconfigu-
lin [17] concluded that “due to the breakdown bf cou-  ration Hartree-FocKMCHF) [19] calculation in which we
pling, a first-order perturbation scheme employing nonrelaminimized the energy of thest 'S term and included the
tivistic wave functions should not be employed to calculatels? 1S, 1s2s 1S, 1s3s 1S, 1s4s 1S, and 1s5s S terms,
intercombination-line transition rates for ions whose netyith all orbitals but thess pseudo-orbital frozen.

positive charge is greater than 12.” Another point of view  The second effect we considered was the variation of or-
was expressed by Kirfil8] who studied the strengths and pjtals with theL S term (LS term dependengeThe largest
weaknesses of relativistic atomic-structure calculations. Kimpffect of term dependence in He-like ions would be expected
noted that “transition probabilities for a spin-forbidden tran- 15 occur in the Bnp configurations where two differemtp
sition, in a relativistic formulation is usually obtained as agpjtals should be used to descriBB and P terms. This
result of cancellation that is very sensitive to the differencegnouid be small in MY ; furthermore, it is already partially
in the radial functions of the sameut differentj’s, such as jncjyded in our previous structure calculations through con-
2pyz and g . - . . In fact, a nonrelativistic calculation us- figyration interaction between terms of thertp configura-
ing a perturbation method would be more reliable because ngons. Nevertheless, in order to more completely include this
such cancellation occurs in the nonrelativistic calculation.” effect, we used the following procedure. The orbitals
Rela_ti\_/istic mixing_ o_fLS states plays a cru%ial role in \ith (n=2, 3, and 4 were first obtained from a series of
detern;mmg the radiative rates from thesZb "P; and  15np 3p single-configuration Hartree-Fock calculations.
1s3p °P, levels. In pureL S coupling, the transition from a o, \we introduced &p pseudo-orbital to correct for term

3 1 , .
PI level to thehsr?rohgnd séatg IS forbldgen. Tgeref((j)rg, t?]e dependence in theRorbital by performing a MCHF calcu-
only way in which this radiation can be produced in the .00 -+ included thewp 'P, 1s3p P, 1s4p 'P, and

Breit-Pauli approximation is through the spin-orbit interac-, — ; S 1
tion that mixes the'P; and the®P; levels. The product of 1ssp °P terms, and_m|n|m|zeq the energy of -theZp P
the square of the term-coupling coefficiefi(0.036) term by varying thesp orbital with all other orbitals frozen.
~0.0013] and the radiative rate for the transition Finally, we corrected the@orbital for term dependence by
1s2p P, —18? 15, (2.01 X 10" Hz) gives the calcu- generating a6p pseudo-orbital in a MCHF calculation in
lated value of 2.68 10° Hz for the 1s2p 3P, —1s? 1S, which we minimized the energy of thes3p P term and

transition. The spin-orbit interaction is calculated perturbaincluded the 33p *P, 1s2p 'P, 1s4p 'P, 1s5p *P, and
tively in the Breit-Pauli approximation, whereas in the rela-1s6p P terms.

062711-4
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The dominant radiative transition rates to the ground 1
level, determined by using the orbitals from these MCHF Ao @)
calculations in a Breit-Pauli configuration-interaction calcu- :
lation, are also shown in Table I. The most sophisticated:
calculation performed to date for thesdp-1s? transitions is
a relativistic many-body theory calculation by Johnsbral.
[20], who obtained 3.37810° Hz for the intercombination
transition and 1.948 10** Hz for the resonant transition. As . ;
can be seen, our MCHF results show improved agreemen ()
with those of Johnsomt al. [20] for the intercombination
transition. This is primarily due to the inclusion of relaxation
in the 1s orbital, which slightly increases the mixing be-
tween the *P; and the P, levels. The additional term-
dependence included in the MCHF calculation was found to
have little effect on this rate. 10° L -

It should be pointed out that the electron-impact excita- ~ *° " Election Tomperatire (K)
tion from the ground state to th&P; levels is not as sensi-
tive to the amount Ofspl_lpl mixing, since this process is FIG. 5. Emission line ratio for th& a, /K« transitions at(a)
less selective and includes exchange and different partide=10° cm™?, and(b) atNe=10%cm™*. Solid curves are results
waves. Therefore, orbital relaxation has very little effect Onthat include all low-order electric and magnetic multipole radiative
excitation to the3P1 levels, and the CAHF orbitals should transitions between all 3ILSJ levels included in the collisional-

provide accurate cross sections for these transitions radiative model. Dashed curves are results in which only electric-
' dipole (E1) radiative transition rates have been included.
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I1l. COLLISIONAL-RADIATIVE AND EMISSIVITY . . .
populations have been determined for a given electron tem-

CALCULATIONS . . . > . .
perature and density, the-g overj—g emission line ratio
A. Isolated-ion approximation for Maxwellian plasmas is given by
Our application of collisional-radiative theory to the cal-
culation of level populations and emissivities for Mg is 'I;g:& ﬁ ®)
based on the atomic data and analygisas) packagd 21]. ling NjAg

ADAS is an interconnected set of computer codes and data

collections developed at JET for modeling the radiatingwe first assumed an isolated-ion approximation, where re-
properties of ions and atoms in magnetic fusion plasmas ancbmbination, ionization, and charge-exchange contributions
for assisting in the analysis and interpretation of spectrafrom adjacent ions, as well as emission from satellite transi-
measurements. tions, were not included.

The excitation cross sections were Maxwellian-averaged In this paper we focused on two line ratios involving soft-
to obtain effective collision strengths over a range of electrorx-ray transitions. In Fig. 5 we show th&a,/Ka;
temperatures from £0to 16* K. These were used within (1s2p 3P;—1s? S, over 1s2p 'P;—1s? 'S,) emission
ADAS to determine excitation and de-excitation rate coeffi-line ratio, using the 31-staf@matrix calculation. Results are
cients. These rate coefficients, in combination with the radiashown for electron densitiebl,=10° cm 2 (part 8 and
tive rates, were then employed to determine the level popuN,=10'? cm™2 (part b. At the plasma conditions studied in
lations by solving the system of coupled equations given bythe present paper, the populations of the excited levels are

N extremely small. We found that our modeling calculations
iy _ - ) _ were insensitive to whether we employed our 17-state ICFT
dt _Z‘j NINeQ|,+g,j N(NeQig + A) R-matrix, 31-state ICFTR-matrix, or 31-level relativistic
distorted-wave results, for the electron-impact excitation pro-
N LA _ cesses. Therefore, we make the following conclusions con-
N, .Z‘, (NEQ“JFA“H;; NeQiel. @ cerning the excitation cross-section calculations. First, the
resonance structures in the excitation cross sectiooisin-
where a static approximation is assumed: cluded in the distorted-wave calculatjoproduce a negli-
gible effect on the population of the levels. Second, the pres-
dN ence of the $4l levels(included in the 31-state calculation
—l—p, 2) but not in the 17-state calculatipdoes not affect the popu-
dt lation of the other levels. Thus, at the plasma conditions
studied in this paper, the cascades are negligible. Third, rela-
and whereN; is the population number density of leyeN, tivistic effects on the excitation processes are sufficiently
is the electron densityQ;; is the electron-impact excitation well determined by a semirelativistic approximation.
rate coefficient for theé— | transition, and;; is the sponta- Since the population of the surrounding levels is ex-
neous radiative rate for the—i transition. Once the level tremely small, we can make an approximation that mimics

062711-5
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the full collisional-radiative model, neglecting any popula-
tion mechanism other than excitations from the ground state
Using this approximation, thg_ 4/1;_ 4 line ratio, wherei
andj are the 52p 3P, and 1s2p P, levels, now becomes

Spectrum Line Ratio

> Ak

LY
|Ka2 Ii%g’ngi Aig k<j _Qgi Big

PR Q. A Q. By’
o limg Qo A g gj Big
kz<i ik

(4)

whereB;q is the radiative branching ratio for levelFor the
Ka line ratio, both branching ratios are very close to one;
therefore, it is not sensitive to the radiative rate from
1s2p 3P, to 1s? 1Sy, which depends on the very weak ",z T Ty T
spin-orbit mixing between théP and 3P terms. Electron Temperature (K)

In the above line ratio calculations we include all the
electric-dipole radiative transitions, calculated from OUry — 168 cm~2 and(b) atN,= 102 cm3. Solid curves are results
MCHF calculatlons; these Were_supplemented by_ magnethhat include all low-order electric and magnetic multipole radiative
dipole and electric- and magnetic-quadrupole radiative trangansitions between all 3LSJ levels included in the collisional-
sitions, calculated by using theJLLAC code. We have also  ragiative model. Dashed curves are results in which only electric-
included the two-photon radiative transition from the gipole (E1) radiative transition rates have been included.
1s2s 1S, to the 1s? 1S, level. The rate of this transition,
calculated by Derevianko and Johnd@?2], is 3.249<10° tially, modifying the population of the surrounding levels. At
Hz. In order to test the importance of the higher-order mul-low density, the $2s 'S, level populates the 2p 3P,
tipoles, we carried out calculations of the line ratios whenlevel by radiative decay, producing an enhancement in the
only electric-dipole transitions were included in the Ke line ratio. When the electron density increases, the main
collisional-radiative equations. This would seem to be a goodiepopulation mechanism of the metastats@d 'S, level is
approximation, since the other radiative rates are smallthe excitation to the 42p P, level, and that produces a
However, as shown in Fig. &lashed curvgsneglecting the decrease in th& « line ratio. This explains the differences
generally weaker electric-quadrupole, magnetic-dipole, antbetween parfa) and(b) on Fig. 5. At low densities, neglect-
magnetic-quadrupole radiative rates produces more than ang both transitions from thesPs levels to the ground state
order of magnitude overestimation of the electron temperaincreases thé&« line ratio, while at higher densities, ne-
ture. In particular, we found a fundamental role played byglecting each one of these transitions has the opposite effect,
the radiative transition from the first excited leved2s 3S;  producing a smaller overall effect.
to the ground state. This transition is well know for its con-  One may wonder about the sensitivity of these calculated
siderable astrophysical importan@8], and it is called the line ratios to the value of the magnetic-dipole and two-
transition in the spectroscopic notation of Gabfi2d]. The  photon radiative rates. We found that when the first excited
1s2s 35,—-1s? 1S is a relativistic magnetic-dipole transi- level is allowed to decay radiatively, the calculations are no
tion [25] (vanishes in the nonrelativistic limjtand ourHuL- longer sensitive to the magnitude of the decay rate. At low
LAC calculation produced a rate of 7.2@0° Hz, which  electronic densities, arbitrarily decreasing the magnetic-
compares very well with the value 7.240* Hz calculated dipole radiative transition rate froms2s 3S, to the ground
using relativistic many-body theory by Johnsetnal. [26]. state by a factor of f0did not affect theK « line ratio. For

By neglecting this transition, the first excited level cannotN,= 10" c¢m™ 2, we found that decreasing the rate by a fac-
radiate at all, and this has the following effect. First of all, tor of 5 changed th&« line ratio by only 10%. Further-
collisional excitations from the ground state are now suffi-more, increasing the magnetic-dipole radiative rate had no
cient to significantly populate this level, even at low electroneffect on the ratio. We discovered the same insensitivity of
densities. Second, through direct excitation froe24 3S,,  the K« line ratio to the magnitude of the two-photon rate.
and by the multistep process consisting of excitation fromDecreasing it by a factor of £0changed the ratio by only
1s2s 3S, to 1s2p 3P, followed by collisional de- about 5%, while increasing the rate had no effect.
excitation to k2p °P;, the population of the 2p °P; In Fig. 6 we show th&< 8,/KB; (1s3p 3P;—1s? 1S,
level is significantly enhanced. Therefore, te line ratio  over 1s3p 'P;—1s? S,) emission line ratio, determined
increases when the magnetic-dipole transition rate from thesing the full 31-level model. The same arguments are valid
1s2s 3S; to the ground state is not included in the calcula-here, with respect to the radiative transitions included in the
tion, as is shown in Fig. 5. At very low electron densities, wecollisional-radiative model. For this line ratio, it was also
found that theK « line ratio is also affected by whether the important to include the relativistic magnetic-dipole transi-
two-photon radiative transition sBs 1S,-1s?> 1S, is in-  tion from the 1s2s 3S; level to the ground state. Otherwise,
cluded or not. Neglecting this transition has the effect ofthe population of the 43p 3P, level would be overesti-
increasing the population of thes2s 'S, level substan- mated. In contrast to thes2p levels, the £3p levels are

Spectrum Line Ratio

FIG. 6. Emission line ratio for th& 3,/K 3, transitions af(a)
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TABLE Il. Ka line ratio for Mgi®* at an energy of 1500 eV. 10

Maxwellian Electron-beam
Ne energy distribution energy distribution

10° cm2 0.07 0.25
10?2 cm™2 0.08 0.26

Spectrum Line Ratio

more likely to radiate to lower levels other than the ground ®)
state, and the radiative branching ratj&s). (4)] are differ-
ent. Therefore, th& 3 line ratio is not independent of the

radiative transition from 43p °P; to 1s? 1S,. As the re- o | -\-\—\‘\E\Eg-—\_
sults show, both line ratios provide a very useful electrong CEARE '
temperature diagnostic since they are insensitive to change

in the electron density. 105 s 7 ~a

Electron Temperature (K)

ectrum Line Ratio

B. Isolated-ion approximation for electron-beam plasmas FIG. 7. Emission line ratio for th& «,/Ka; transitions at(a)

In support of current spectral measurements of highly-Ne:,108 cm™* and(b) atN,=10" cm™*. Solid curves are results
charged heliumlike ions using an electron-beam ion tra _hat include ionization to, and radiative and dlelectro_nlc rec_omblna—
[26], we carried out additional collisional-radiative calcula- tion from, the % ground-state level of the.hydrog.en"? Mg ion.

. . . . S Dashed curves are results that neglect this contribution.

tions in which the Maxwellian energy distribution was re-

placed by a monoenergetic-beam energy distribution. The

line ratios involving the $2p levels at 1500 eV are pre- lations all the intermediateshl and 2onl (n=2,5) autoion-
sented in Table Il for both a Maxwellian and an electron-izing levels, and the cascade contributions from those high-
beam plasma, while the line ratios involving the3p levels  lying levels. We found that the DR rate coefficients are not
at 1700 eV are presented in Table Ill. The non-Maxwelliannegligible, and for some particular levels DR is the main
beam line ratios are larger than the Maxwellian line ratios inrecombination mechanism. We also calculated direct ioniza-
both cases, since the energies were chosen to be just abotien rate coefficients from every level to the Mg 1s

the excitation thresholds. As one would expect, the colli-ground state, using the parametrized Lotz form(29].
sional excitation cross sections for the spin-changing transi€harge-exchange contributions from adjacent ions were not
tions from 1s? 1S, to 1snp 3P, have a much different en- included in this paper.

ergy dependence than the excitation cross sections for the We modified the system of coupled equatipBs. (1)] in
dipole-allowed transition from & 'S, to 1snp P, (see order to calculate the contribution of recombination to the
Figs. 3 and 4 When the rate coefficient is determined usingemission line ratios. The total recombination rate coeffi-
a Maxwellian distribution it is affected by the drop in the cients, together with ionization rate coefficients, were in-
3P, cross sections at high energies. Consequently, the lineluded in the system of rate equations that also included the
ratios decrease when compared to the non-Maxwellian bearts level of Mgt'*. In Fig. 7 we show th& a,/Ka; emis-

line ratios. sion line ratio including the recombination contribution from
the hydrogenic MY ion (solid lineg, and neglecting this
C. lonization, recombination, and satellite transitions contribution(dashed lines At low electron temperatures, the

In an attempt to find other possible mechanisms that af[elauve population of the hydrogenic ion is negligible, and

. ! . o therefore cannot contribute to the line emission of the He-
fect the intensity ratios, we calculated the contribution from"ke ion. At higher temperatures, recombination becomes
rad|1311£|ve a_nd dlelgctronlc recomblnatl(j_DR) Qf hydrogemc very important, and enhances the intensity of ikhe, over
Mg . Using a distorted-wave approximation |mpl'ementedKal' Figure 8 shows th& B,/K B, emission line ratio in-
e e cludng e recominaton conubion fom he ydlogeri

. ion (solid lineg, and neglecting this contributiofdashe
to all the 31 levels of the MJ" ion were performed. We ( 9 9 9 td

| de detailed distorted lculati f the D ines). The same argument about the behavior of the line
aiso made detailed distorted-wave caicuiations of the atios as a function of the electron temperature is valid here.
rate coefficient from the 4 level. We included in our calcu-

We found that the contribution of ionization from the excited
levels is negligible for this plasma regime.

An additional mechanism that can affect the measurement
of the line ratios is the presence of emission lines from lithi-

TABLE lll. K2 line ratio for Mgt®* at an energy of 1700 eV.

N enei\:lgixxgiiltt;ar:;tion elrfleergc’;;?sszion qmlike Mgg*. whichloyerlafp with the heIiur_n.Iike resonance

N lines. In particular, lithiumlike satellite transitions of the type
10° cm3 1.9x10°3 8.9x10° 3 1s2Inl’—1s?nl and 1s3Inl’ — 1s2nl need to be taken into
102 ¢m™3 2.0x10°3 9.0x 102 account. These satellite transitions broaden the heliumlike

emission feature and could result in an overestimate of the
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in an electron-beam experiment. The recombination contri-
bution can be eliminated if the energy of the electrons is
smaller than the first ionization limit. Since the dielectronic
recombination is a resonant process, a narrow electron-beam
- excitation can produce the heliumlike line, separately from

- the dielectronic satellites, which allows one to separate the
relative contributions to the weak intercombination-line fea-
ture.

Spectrum Line Ratio

IV. SUMMARY

Using R-matrix theory, electron-impact excitation cross
sections and rate coefficients were determined fotWgAn
intermediate-coupling frame transformation of the
1075 7 ry o L S-coupled unphysicaK matrices allowed cross sections to

Electron Temperature (K) be obtained for all 465 transitions among thel33J levels
of the 1s?, 1s2l, 1s3I, and 1s4l configurations. An inde-
Ne=10° cm~3 and(b) atN,=10'? cm™3. Solid curves are results pendent check on the excitation cross sections was made
that include ionization to, and radiative and dielectronic recombinaS'n9 relativistic dlstorted—wa\{e theory. Pseudo-orbitals de-
tion from, the X ground-state level of the hydrogenic Mg ion. termined from MCHF calculations were used to correct for
Dashed curves are results that neglect this contribution. orbital relaxation and term dependence in a Breit-Pauli cal-
culation of the electric-dipole radiative transitions. A fully
density if ignored in modeling calculations. Experimentalrelativistic theory was used for all the other low-order elec-
and theoretical investigations show that, in dense and colttic and magnetic multipole transitions. These calculations
Mg plasmas, the satellite structures of resonance lines camere made to complete the construction of a collisional-
become more intense than the resonance lines themselveadiative atomic data set for My, which is now available
The dominant role oK « dielectronic satellites in the radia- at the ORNL Controlled Fusion Atomic Data Centarter-
tion spectra of Mg laser produced plasmas has been demonet site: http://www.cfadc.ornl.gov
strated by Rosmept al. [30,31. At electronic densities The ADAS collisional-radiative modeling codes and the
higher than 18" cm 3, and at a low electron temperature Mg'®" atomic data set were used to calculate equilibrium
(=80 eV), the B2Inl’ manifold becomes at least as in- populations for all 31LSJ levels over a range of electron
tense as th& «; resonance line and many intense satellitesemperatures and densities. Spectral intensities for the
overlap theK a, intercombination line, resulting in a broad 1snp 3P;—1s? 'S, and Isnp P;—1s? 'S, transitions
asymmetric spectral feature. The lines of high-intenkify = were then calculated to produkexr andK g line ratios. Nei-
dielectronic satellites 93Inl’ in dense laser-produced Mg ther line ratio is sensitive to the effects of resonances in the
plasmas have also been investigated by Roshej. [32]. excitation cross sections, included in tRematrix calcula-
The 1s313l" satellites are found on the long-wavelength sidetions and neglected in the relativistic distorted-wave calcula-
of the K8, line, the 1s314l’ satellites overlap with th& 3,  tions. Also, the effect of cascades is negligible.
intercombination line, and the high-satellites blend with The intercombination radiative rates depend on very weak
the K 3, resonance line. Becauses, is a weak feature, any spin-orbit mixing between théP and 3P terms, and com-
enhancement from blends with dielectronic satellites couldgarison with sophisticated relativistic many-body perturba-
be substantial and make a large difference in kh& line  tion theory calculations indicate that orbital-relaxation ef-

Spectrum Line Ratio

FIG. 8. Emission line ratio for th& 8, /KB transitions at(a)

ratios. fects are important in the determination of reasonably
We performed detailed calculations of the lithiumlike sat-accurate radiative rates for these transitions. Khe line
ellite spectra, including all levels in thesdnl, 1s2snl, ratio is not sensitive to the intercombination radiative rate;

1s2pnl, 1s3snl and 1s3pnl (n=2,5) configurations, as- however, theK g line ratio has a linear dependence on this
suming that these levels are populated by dielectronic cap-adiative rate, and this is the largest source of uncertainty in
ture from the ¥?, 1s2s, and 1s2p levels of the He-like ions. this ratio.
The capture rates from the excited heliumlike levels are huge These results show the importance of including the rela-
compared to the capture from the ground state, due to thévistic magnetic-dipole radiative transition s2s 3S;
different energies and autoionization rates. Under typical—1s® S, in the calculations, otherwise, the excited level
conditions of laser-produced plasmas near the target surfads2s 3S, cannot radiate at all, resulting in an overestimation
(cold dense and optically thick plasmashis is the main of the line ratios. At very low electron densities, the two-
mechanism that produces the strong satellite lines. Howevephoton radiative transition sPs 1S,—1s? !S; has to be
we found that at low densities, the population of the excitedncluded in the calculations, since it affects e line ratio.
1s2l heliumlike levels are negligible, and therefore the in- Radiative and dielectronic recombination of hydrogenic
tensity from dielectronic satellitessBInl’ is negligible. Mg*!* produces an enhancement of bt and K3 line

It is important to emphasize that both the recombinatiornratios, at temperatures higher than 800 eV where the hydro-
contribution and the dielectronic satellites can be eliminatedjenic population becomes dominant. The detailed recombi-
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