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Charge

Laboratory astrophysics review covering low energy 
collisions of atoms w/ atomic ions and of electrons and 
atomic ions for current/future NASA missions

Cover current theoretical and experimental laboratory 
astrophysics work and capabilities 

Needs to meet current and future NASA astrophysics 
missions



Outline

Considered processes for lowly-charged systems (q<5):
Electron Capture (charge exchange)
Electron-impact electronic excitation
Electron-impact fine-structure excitation
Atom-impact excitation (electronic and fine-structure)

Applications to “low” temperature environments
Survey of 2006-2010 relevant literature, researcher 
queries, and IAU Reports in Astronomy, Collisional 
Processes



Electron Capture (CX)

Collision of an ion X of charge q with a neutral Y (Y = H, 
He, or H2)

For photoionized gas or cool environments, plays 
important roles in the:

Ionization balance (species abundances)
Thermal balance (Kingdon & Ferland 1998)
Emission Spectra

Rate coefficients (and cross sections) available on some 
websites, but not comprehensive: UMIST, ORNL-UGA

Xq+ + Y → X(q−1)+ + Y +



Electron Capture: Methods

Experiment (total)
Flowing afterglow
Ion beam-gas cell
Ion trap
Merged-beams
EBIT

Experiment 
(state-resolved)
Trans. energy 
spectroscopy
Photon 
spectroscopy
Recoil ion (COLTRIMS)

Theory
Landau-Zener
Molecular-orbital 
close-coupling (CC)

Atomic-orbital CC
Lattice methods

ORNL 
Merged-beams



Electron Capture: Highlights

N2+ + H, O2+ + H 
MOCC calculations

(Barragan et al. 2006)

Si3+ + H 
merged-beams 
measurements

(Bruhns et al. 2008)

O3+ + He ➜ 
O2+(2s2p3) + He+

MOCC calculations
(Wu et al. 2009)
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program CLOUDY currently includes the rate coefficients of
Honvault et al. (1994). At higher Twe have found some devia-
tions from the results of Butler et al. (1980), which may be rele-
vant inmodeling the precipitation of ions in planetary atmospheres.

At low energies, our calculation points to a significant con-
tribution to the EC reactions of resonant processes, and therefore
we expect radiative EC to become relevant (Rittby et al. 1984;
Zygelman et al. 1989), which probably limits the application of
our rate coefficients at low temperatures.

In order to evaluate the rate coefficient for reaction (4), we
have recalculated the corresponding cross section (Fig. 3), and
we have found that the maximum at E ’ 0:3 eV, as reported by
Herrero et al. (1995) and also found in our previous calculation
(Barragán et al. 2004), has disappeared in our new calculation,
which yields a Langevin-type increase of the total cross section,
previously found for other collisions (Pieksma et al. 1996; Lee
et al. 2003) atE < 0:2 eV. As explained inBarragán et al. (2005),
the main difference between previous and new calculations is a
denser grid of molecular energy data at high internuclear separa-
tions, which in our previous calculation, and probably in that of
Herrero et al. (1995), led, after interpolation and integration of
radial couplings, to a spurious energy barrier of about 0.1 eV. The
new calculation yields EC cross sections very similar to the two-
state cross sections of Bienstock et al. (1986) for EP 40 eV, and
accordingly, our rate coefficients (Table 2 and Fig. 4) agree with
the values reported by Herrero et al. (1995) and evaluated from
the cross sections for populating N+ (2s2p3 3Do) of Bienstock
et al. (1986).

With respect to collisions with metastable species, our cross
sections for reactions (2)–(3) are of the same order of magnitude
as those for reaction (1), while the calculations of Honvault et al.
(1995) (not shown in Fig. 1) yielded values smaller than 0.0282.
These new results have led us to evaluate the rate coefficients for
these two processes (see Table 1 and Fig. 2), which are similar
to those for reaction (1). We have also considered EC reactions

with the metastable state N2+(2s2p2 4P). In contrast to previous
results, we have found that there are fast reactions in both systems.
To gauge the importance of reactions involving ions in metastable
states, we consider the particular case of reaction (2), with a rate
constant of about 2 ; 10!9 cm3 s!1. Since the radiative emission
coefficient for this state is ’ 2 ; 10!2 s!1 (Physical Reference
Data, National Institute of Standards and Technology),1 a hydro-
gen number density of 107 cm3 is required to make process (2)

TABLE 2

Rate Coefficients in 10!9 cm3 s!1 for Reactions (4) and (5)

T

(K) k4 k5

100...................................................... 0.46312 0.41483

200...................................................... 0.59312 0.50366

300...................................................... 0.65966 0.56116
400...................................................... 0.70483 0.60055

500...................................................... 0.73830 0.62854

1000.................................................... 0.82782 0.70016
1500.................................................... 0.86587 0.73618

2000.................................................... 0.88640 0.76151

2500.................................................... 0.89963 0.78166

3000.................................................... 0.90935 0.79863
4000.................................................... 0.92378 0.82652

5000.................................................... 0.93484 0.84914

6000.................................................... 0.94395 0.86820

7000.................................................... 0.95174 0.88465
8000.................................................... 0.95857 0.89912

9000.................................................... 0.96469 0.91202

10,000................................................. 0.97027 0.92368

20,000................................................. 1.01334 1.00425
30,000................................................. 1.06250 1.06181

40,000................................................. 1.13596 1.11869

50,000................................................. 1.22873 1.17615
60,000................................................. 1.33023 1.23110

70,000................................................. 1.43343 1.28235

80,000................................................. 1.53502 1.33028

90,000................................................. 1.63390 1.37577
100,000............................................... 1.73000 1.41968

Fig. 4.—Rate coefficients for reaction (4) as functions of the temperature.
Previous results: Dash-dotted line, rate coefficients evaluated by Herrero et al.
(1995) from the EC cross sections of Bienstock et al. (1986); dashed line, Herrero
et al. (1995). [See the electronic edition of the Journal for a color version of this
figure.]

Fig. 3.—(a) Total cross sections for reactions (4) and (5) as indicated in the
figure. (b) Comparison between total EC cross section for reaction (4) with pre-
vious results. Experimental results: filled circles, Pieksma et al. (1997). Theoret-
ical values: dashed line, Herrero et al. (1995); dash-dotted line, Bienstock et al.
(1986); dash-double-dotted line, Barragán et al. (2004). [See the electronic
edition of the Journal for a color version of this figure.]

1 Available at http://physics.nist.gov.
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quantum mechanical effects like couplings between states
and dynamical effects become dominant. If couplings, e.g.,
with the core electrons, favor some reaction channels and
suppress others, MOCC calculations are appropriate. To il-
lustrate this, we show in Fig. 2 a comparison of the charge
transfer cross section for different ions with charge +3, all
obtained using the ORNL ion-atom merged-beam apparatus.
It is obvious from the figure that the number of core elec-
trons on the ion plays an important role for the charge trans-
fer process toward lower energies. At 50 eV/u, there is more
than a factor of 5 difference in the cross sections for Si3+ and
Ne3+. At higher energies, the cross sections for the reactions
with different ions of the same charge state appear to con-
verge to the CTMC value. Note that this value is different by
a factor of 2 from the experimental scaling of !16" #!=q
"10−15 cm2$, which is thought to be applicable to charge
transfer with atomic H for ions with cores that have #at least$
a few bound electrons.

As seen in Fig. 1, our measurements for Si3+ confirm the
trend predicted by MOCC calculations. However, we find a
faster rise of the cross section with increasing collision en-
ergies, and above Ec.m.%1000 eV /u find good agreement
with the plateau predicted by the CTMC method. The
MOCC results, however, suggest that the CTMC data are
reliable only above Ec.m.=6000 eV /u. The MOCC data may
underestimate the cross section at the highest energies due to
the limited basis used in the calculation !17". Also, Wang et
al. !6" emphasize that their MOCC calculation does not in-
clude electron translation factors !18" that are expected to
become important for Ec.m.#1000−5000 eV /u. Below
Ec.m.%1000 eV /u, it is evident that the limit of the classical
CTMC method seems to be reached, for we see the drop in
the measured cross section that indicates the rising impor-

tance of quantum effects toward lower collision energies.
Below Ec.m.=460 eV /u, the MOCC results agree well with
our experimental data. Our lowest collision energy data point
at Ec.m.=44 eV /u seems to lie just below the predicted cross
section, but given our experimental uncertainty the agree-
ment is still satisfactory.

IV. SUMMARY

Using a merged-beam approach we have measured the
cross section for charge transfer for Si3+ ions with ground
state atomic hydrogen for the collision energy range of
Ec.m.%40−2500 eV /u. Our results show that the classical
CTMC model gives a reliable prediction above Ec.m.
%1000 eV /u. The more sophisticated MOCC method is in
good agreement with our experiment for collision energies
lower than Ec.m.=460 eV /u. It remains an open question if
the effects not included in the MOCC calculation by Wang et
al. !6" will resolve the disagreement with our data above
Ec.m.=460 eV /u.
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FIG. 2. #Color online$ Cross section for charge transfer of hy-
drogen with different ions with charge q= +3, all shown with sta-
tistical errors at a 90% confidence level. Full circles, this work;
dashed line !6,15"; squares !19"; triangles !20"; and stars !21".

FIG. 1. #Color online$ Comparison of the present experimental
results with theory. Solid line, MOCC calculations !6"; dashed line,
CTMC results !6" recalculated including lower collision energies
!15"; full and open circles, this work #two separate beam times$
with statistical errors at a 90% confidence level. Error bars with
horizontal dashes show the total uncertainty including the estimated
12% relative systematic error added in quadrature. Full triangles,
results of Kim et al. !7".
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Electron Capture: Needs

Fe + H+, Mg + H+

Damped Lyman α 
Clouds (z~0.45)

(Jones et al. 2010)

SH+  in X-ray 
Dominated Regions
(Abel, Federman, 

PCS 2008)

Se, Kr, Xe, ... + H
Trans-Iron Elements in 

Planetary Nebulae
(Sterling et al. 2007)
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Surprising Fe I features in 
Mg II absorbers

More Fe I, than in models

Fe + H+ CX rate too large

SH+: IR diagnostic in XDRs

Abundance depends on 
branching ratio
S2+ + H2 ➜S+ + H2+

➜SH+ + H+

S
H

+ 
colum

n den.
n-capture elements are 
observed in PNe

CX data are completely 
lacking

Needed for q=1-5



Electron Impact Electronic 
Excitation

Collision of an ion X of charge q (or a neutral) with an 
electron 
Important in a variety of environments including 
collisionally-ionized and photoionized gas:

Level populations (non-LTE emission spectra)
Electron density diagnostic 
Temperature diagnostic (Osterbrock & Ferland 2006)
Elemental abundances

Rate coefficients (and collision strengths) available on 
some websites, but not comprehensive: Cloudy, ORNL

Xq+(nlSL) + e− → Xq+(n�l�S�L�) + e−
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Electron-Impact Electronic 
Excitation: Methods

Experiment 
Merged electron-
ion beam energy 
loss (JPL & ORNL)
EBIT

Theory
Perturbative
R-matrix close-
coupling (various 
flavors)
Lattice methods

ORNL Merged-beams
JPL 

Merged-beams

Fe4+: 359 levels, 
2400 channels
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Electron Impact: Highlights

S5+ measurements
Wallbank et al. (2007)

Simcic et al. (2010)
Fe4+ R-matrix calculations 

(Ballance et al. 2008)
O(2p4,3s,3p) R-matrix 

calculations
(Barklem 2006)

ORNL

JPL

S5+: 
2S➜2PJ 

Fe4+(3d 5D0) 

 
3H4 ,3P1,
3F2 ,3G3,

new=359 levels, 
previous=80 levels



Electron Impact: Needs

Bautista et al. 2010

 Sterling et al. (2010)
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To model planetary emission lines of n-
capture elements, collision strengths are 
needed for many ions

Se1,2+, Se4,5+, Kr+, Kr5+, Xe+,Xe5+,         
Brq+, Rbq+, ...

Combined atomic data/modeling study 
of Fe III in the Orion Nebula

New Dirac-Fock A-values

New Dirac R-matrix collision strengths

Dramatic improvement over previous 
atomic data



Fine-Structure Excitation

Collision of an ion X of charge q (or a neutral) with an 
electron or H atom
Important in a variety of cool and molecular 
environments:

Level populations (non-LTE emission spectra)
Radiative cooling 
Temperature, density, radiation diagnostics
Many lines observable by Spitzer, SOFIA, Herschel

No comprehensive data compilation 

X(nlLJ) + Y → X(nlLJ �) + Y



Fine-structure excitation: 
Highlights

O + H, C+H MOCC 
Calculations

Abrahamsson et al. (2007)

C+ + e R-matrix 
calculations
Tayal (2008)

computed using the conventional basis set of only the 3P states.
The couplings to the 1D state appear to be insignificant even at
high collision energies of 10,000 cm!1.

4. SUMMARY

Using accurate interaction potentials of Parlant & Yarkony
(1999) and Kalemos et al. (1999), we have recalculated the rate

coefficients for the fine-structure excitations in collisions of
O(3P) and C(3P) with atomic hydrogen. The results are pre-
sented in the form of analytical functions representing the rate
coefficients over a wide range of temperatures. To verify the
accuracy of the calculations, we examined the sensitivity of the
rate coefficients to variations of the interaction potentials at
short range and the couplings to electronically excited states
of oxygen. This is the first calculation of fine-structure excita-
tion dynamics of O(3P) with the couplings to the 1D states
included. Given the recent progress in interstellar spectros-
copy measurements, the refined results presented here may im-
prove our understanding of the conditions in the interstellar
medium.

We thank Zhiying Li for verifying some of our results and
for pointing out several misprints. We thank A. Kalemos and
D. R. Yarkony for sending us the results of their potential en-
ergy calculations, and G. Barinovs for help with interpolating
the interaction potentials for CH. The work of E. A. and R. K.
was supported by NASA grant NNG 06-GJ11G from the As-
trophysics Theory Program and the Natural Sciences and En-
gineering Research Council (NSERC) of Canada and of A. D.
by the Chemical Sciences, Geosciences and Biosciences Divi-
sion of the Office of Basic Energy Sciences, Office of Science,
US Department of Energy.
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Fig. 2.—Cross sections for the fine-structure excitations in O(3P)-H collisions.
Circles: j ¼ 2 ! j ¼ 1 transition; squares: j ¼ 1 ! j ¼ 0 transition; diamonds:
j ¼ 2 ! j ¼ 0 transition. Solid curves represent calculations including the 1D
state of oxygen as described by Krems et al. (2006).
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Si+ + e R-matrix 
calculations
Tayal (2008)

632 S. S. Tayal: Electron impact excitation collision strength for transitions in C II

been shown in Table 3 with other previous calculations. Our
calculation agrees very well with the calculation of Tachiev &
Froese Fischer (2000) and Correge & Hibbert (2002) for most
fine-structure transitions. The CIV3 results from the calculation
of Correge & Hibbert (2002) include core correlation and are
fine-tuned to experimental energies. Our results show some dis-
crepancies with the calculation of Galavis et al. (1998) for sev-
eral fine-structure transitions.

The length ( fL) and velocity ( fV ) values of oscillator
strengths and transition probabilities (AL and AV ) for dipole-
allowed transitions among fine-structure levels have been tabu-
lated in Table 4, and our results have been compared with the cal-
culation of Tachiev & Froese Fischer (2000). We have reported
results for the allowed transitions between the levels of doublet
and quartet symmetries. The agreement between the length and
velocity forms of oscillator strengths may to some extent in-
dicate the accuracy of wave functions and the convergence of
CI expansions. The convergence of results is an important ac-
curacy criterion. There is normally a good agreement between
the present length and velocity forms of oscillator strengths
and with the results from the calculation of Tachiev & Froese
Fischer (2000). The agreement between our results and Tachiev
& Froese Fischer (2000) is normally within 20% for most dipole-
allowed transitions. The agreement provides us confidence in the
accuracy of our target wave functions.

Accurate description of target wave functions is an essen-
tial part of a reliable scattering calculation. The quality of target
wave functions used in our scattering calculation is very good
as has been assessed by comparing computed excitation ener-
gies and oscillator strengths with experiment and other reliable
calculations. We included 42 fine-structure levels arising from
the 23 LS 2s22p 2P◦, 2s2p2 4P, 2D, 2P, 2S, 2s2ns (n = 3–6) 2S,
2s2np (n = 3–5) 2P◦, 2s2nd (n = 3–5) 2D, 2p3 4S ◦ 2P◦, 2D◦,
2s2n f (n = 4, 5) 2F◦, 2s2p3s 4P◦, 2P◦ and 2s2p3p 2P terms. We
have plotted resonant collision strengths in the thresholds energy
region and non-resonant background collision strengths above
the highest excitation threshold energy region up to 2.0 Ryd
as a function of electron energy for the forbidden 2s22p 2P◦1/2–
2P◦3/2 and allowed 2s22p 2P◦3/2–2s2p2 2D5/2 transitions in Figs. 1
and 2 respectively. It is clear from these figures that the res-
onance structures are complex and make significant enhance-
ments in collision strengths. The non-resonant background col-
lision strength for the allowed transition is larger than for the
forbidden transition. The resonance enhancement in collision
strengths for the forbidden transitions is normally larger com-
pared to allowed transitions. The relativistic effects appear to
be small for these transitions. We chose a fine energy mesh for
collision strength calculation in the thresholds energy region to
delineate the resonance structures. The collision problem in the
external region was solved using an energy mesh of 0.0002 Ryd
in the closed-channels energy regions up to 1.658 Ryd. In the en-
ergy region of all open channels where there are no resonances
and collision strengths show smooth variation we used an energy
mesh of 0.2 Ryd. Resonance structures are quite dense in the en-
ergy region up to the 2s23p 2P◦ threshold around 1.20 Ryd. Our
calculation properly includes important short-range correlation
effect to ensure correct position of resonances in the low energy
region.

A good agreement with the measured absolute direct excita-
tion cross sections for the intercombination 2s22p 2P◦–2s2p2 4P
and resonance 2s22p 2P◦–2s2p2 2D, 2S transitions (Smith et al.
1996) has been obtained. The fine-structure components of these
multiplets were not resolved in the experiment because for very
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Fig. 1. Collision strength for the forbidden 2s22p 2P◦1/2–2P◦3/2 transition
as a function of electron energy.
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Fig. 2. Collision strength for the allowed 2s22p 2P◦3/2–2s2p2 2D5/2 tran-
sition as a function of electron energy.

small separations between fine-structure levels. The uncertainty
in experimental cross sections is about 20% and the energy reso-
lution is 0.250 eV. We have convoluted theoretical cross sections
to the experimental energy spread. The convoluted theoretical
cross sections have been compared with the measured cross sec-
tions in Figs. 3–5. The convoluted theoretical cross sections for
the intercombination transition in Fig. 3 are within experimental
error bars for most incident electron energies except a few en-
ergies around 12 eV and 15 eV where experimental results are
somewhat larger than the theory.

The excitation cross sections for the resonance 2s22p 2P◦–
2s2p2 2D and 2S transitions have been compared with measured
cross sections in Figs. 4–5. Our theory shows good agreement
with the measured cross sections for the 2P◦–2s2p2 2D transition
in Fig. 4 at most incident electron energies. However, discrepan-
cies exist at a few energies. Similar agreement between theory
and experiment exists for the 2P◦–2s2p2 2S transition shown in
Fig. 5. The theoretical cross sections are within experimental un-
certainty for all energies except two incident electron energies
around 14 eV. The 8-state R-matrix theoretical cross sections
from the work of Smith et al. (1996) have also been displayed in
Figs. 3–5 by open squares. The two calculations normally agree
to about 20%, except for the 2P◦–2s2p2 2S transition close to
threshold energy where 8-state calculation overestimates. The
agreement between theory and experiment provides some ad-
ditional indication that our collision strengths are likely to be

lowest 29 levels included in our calculation over a temperature range
that is suitable for astrophysical plasma modeling calculations.

The theoretical approach and codes used in the calculation of
collision strengths have been described by Zatsarinny (2006), and
here we present a brief outline. The wave function describing the
total e+Si ii system in the internal region is expanded in terms of
energy-independent functions

!k ¼ A
X

ij

aijk"iuj(r); ð3Þ

where "i are channel functions formed from the multiconfigu-
rational functions of the 31 target levels, and uj are the radial
basis functions describing the motion of the scattering electron.
The operator A antisymmetrizes the wave function and expan-
sion coefficients aijk are determined by diagonalizing the (N þ 1)
electronHamiltonian. In our calculation, the radial functions uj are
expanded in the B-spline basis as

uj(r) ¼
X

i

aijBi(r); ð4Þ

and the coefficients aij (which now replace aijk in eq. [3]) are de-
termined by diagonalizing the (N þ 1) electron Hamiltonian in-
side the R-matrix box that contained all bound atomic orbitals
used for the description of Si ii levels. The relativistic effects in the
scattering calculations have been incorporated in the Breit-Pauli
Hamiltonian through the use of the Darwin, mass correction, and
spin-orbit operators. The radius of theR-matrix boxwas chosen to
be 45.6a0, and 95 B-splines were used for the expansion of con-
tinuum orbitals. These parameters were sufficient to obtain con-
verged results for a wide energy range up to about 10.95 ryd. The
B-spline R-matrix calculations were carried out for partial waves
up to J ¼ 36. These partial waves were estimated normally to
give converged cross sections for forbidden transitions. For the
allowed transitions a top-up procedure based on the Coulomb-
Bethe approximation (Burgess & Sheorey 1974) was employed
to estimate the contributions for J larger than 36. The top-up con-
tributions for the nondipole transitions have been estimated by as-
suming that the collision strengths form a geometric progression
in J.

In many astrophysical applications it is convenient to use exci-
tation rate coefficients or thermally averaged collision strengths as
a function of electron temperature. The excitation rates are ob-

tained by averaging collision strengths over a Maxwellian distri-
bution of electron energies. The excitation rate coefficient for a
transition from state i to state f at electron temperature Te is given
by

Ci f ¼
8:629 ; 10%6

giT
1=2
e

!i f (Te) exp
%#Ei f

kTe

! "
cm3 s%1; ð5Þ

where gi is the statistical weight of the lower level i, #Eif ¼
Ef % Ei is the excitation energy, and !i f is a dimensionless quan-
tity called effective collision strength given by

!i f (Te) ¼
Z 1

0

$i f exp
%Ef

kTe

! "
d

Ef

kTe

! "
; ð6Þ

where Ef is the energy of incident electron with respect to the
upper level f. If the collision strength is assumed to be indepen-
dent of the incident electron energy, we have !i f ¼ $i f . The ef-
fective collision strengths are calculated by integrating collision
strengths for fine-structure levels over a Maxwellian distribution
of electron energies. The integration in equation (6) should be car-
ried out using energy-dependent collision strengths from thresh-
old to infinity (Burgess & Tully 1992). The collision strengths at

Fig. 2.—Collision strength for intercombination 3s 23p2Po
3/2Y3s3p

2 4P3/2 tran-
sition as a function of electron energy in ryd.

Fig. 1.—Collision strength for forbidden 3s23p2Po
1/2Y3s

23p2Po
3/2 transition

as a function of electron energy in ryd.

Fig. 3.—Collision strength for allowed 3s 23p2Po
3/2Y3s3p

2 2D5/2 transition as a
function of electron energy in ryd.
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Fig. 3. Excitation cross sections for the 2s22p 2P◦–2s2p2 4P transition as
a function of electron energy. Solid curve, present results; open squares,
8-state R-matrix results (Smith et al. 1996); open inverted triangles, ex-
perimental results of Smith et al. (1996); horizontal bar, measured re-
sults of Lafyatis & Kohl (1987).
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Fig. 4. Excitation cross sections for the 2s22p 2P◦–2s2p2 2D transition as
a function of electron energy. Solid curve, present results; open squares,
8-state R-matrix results Smith et al. (1996); horizontal bars, measured
results of Lafyatis & Kohl (1987); open inverted triangles, experimental
results of (Smith et al. 1996).

R-matrix calculations of Blum & Pradhan (1992) and Wilson
et al. (2005) in Fig. 6. The present results have been shown
by solid curve (42-level) and short-dashed curve (35-level)
and those of Blum & Pradhan (1992) and Wilson et al. (2005)
are displayed by dotted and long-dashed curves respectively
in the temperature region from log T = 2.5 to 6.0 K. Blum
& Pradhan (1992) reported effective collision strengths in the
temperature range from 1000 K to 40 000 K and Wilson et al.
(2005) presented effective collision strengths for temperatures
in the range log T = 3.00–5.5 K. The results from the previous
calculations of Hayes & Nussbaumer (1984) and Lennon et al.
(1985) are also shown. Hayes & Nussbaumer (1984) reported
two sets of effective collision strengths with main resonances
at calculated position and with main resonances shifted to
experimental position. We have displayed both results in Fig. 6
by short-dash-dotted with calculated position and by long
dash-dotted curve with resonances shifted to the experimental
position. The 42-level and 35-level results are almost insepara-
ble, indicating convergence of collision strengths. The various
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Fig. 5. Excitation cross sections for the 2s22p2P◦–2s2p2 2S transition as
a function of electron energy. Solid curve, present results; open squares,
8-state R-matrix results (Smith et al. 1996); open inverted triangles, ex-
perimental results (Smith et al. 1996).
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Fig. 6. Effective collision strengths for the 2s22p 2P◦1/2–2s22p 2P◦3/2
transition as a function of electron temperature. Solid curve, present
42-level results; short-dashed curve, present 35-level results; long-
dashed curve, 16-state R-matrix results (Wilson et al. 2005); dotted
curve, 10-state R-matrix results (Blum & Pradhan 1992); long-dash dot-
ted curve, calculation of Hayes & Nussbaumer (1984) [experimental
resonance positions]; short-dash dotted curve, calculation of Hayes &
Nussbaumer (1984) [calculated resonance positions]; pluses, calcula-
tion of Lennon et al. (1985).

calculations except that of Hayes & Nussbaumer (1984) are
normally within 10–15% of the present results. Our results
are lower than the other calculations. The effective collision
strengths for the intercombination 2s22p 2P◦1/2–2s2p2 4P3/2 and
2s2p2 4P1/2–2s2p2 2D5/2 transitions have been displayed in
Figs. 7 and 8 respectively where our results (42-level: solid
curve; 35-level: short dashed curve) have been compared with
10-state and 16-state results together with the results from
Hayes & Nussbaumer (1984) and Lennon et al. (1985). Our
results show some qualitative and quantitative differences
with previous calculations. The differences may have been
caused by the combined differences in resonance structures
and in background collision strengths which in turn may have
been caused by the inaccuracies in target wave functions in
previous calculations. Our results are about 13% smaller than
the calculation of Wilson et al. (2005) in the lower temperature
region, but the two calculations show excellent agreement at

Si+: 
2PJ➜2PJ’

higher energies are particularly important for the allowed transi-
tions. The energy dependence of collision strengths for allowed
transitions can be properly accounted for by using an extrapola-
tion technique. In the asymptotic region, the collision strengths
follow a high-energy limiting behavior for the dipole-allowed
transitions

!i f (E ) !E!1 d ln (E ); ð7Þ

where the parameter d is proportional to the oscillator strength.
The collision strengths vary smoothly in the high-energy region
and exhibit an increasing trend for dipole-allowed transitions.
The collision strength increases more rapidly for the stronger
dipole-allowed transitions than the weaker transitions.

4. RESULTS AND DISCUSSION

Accurate description of target wave functions has been ob-
tained, as indicated by an excellent agreement of calculated
excitation energies with measured and other reliable calcula-
tions. We included excited fine-structure levels arising from
the 17 LS terms 3s23p2Po, 3s3p2 4P, 2D, 2S, 2P, 3s24s2S,
3s23d 2D, 3s24p2Po, 3s25s2S, 3s24d 2D, 3s24 f 2Fo, 3s25p2Po,
3s3p3d 2Do, 3s26s2S, 3s25d 2D, 3s25f 2Fo, and 3s26p2Po. In
Table 2 we present collision strengths from the 3s23p2Po

1/2 and
2Po

3/2 levels to the 31 levels included in our calculation at inci-
dent electron energies 2.0, 4.0, 6.0, 8.0, and 10.0 ryd. These
energies are above the highest excitation threshold at 1.035 ryd
where collision strengths exhibit smooth behavior. The collision
strength for the various transitions shows the expected behavior at
higher electron energies. It may be noted that some very weak
dipole-allowed transitions do not show an increasing trend with
the increasing incident electron energies. For example, the dipole-
allowed 3s23p 2Po

1/2Y3s3p
2 2D3/2, 3s23p 2Po

3/2Y3s3p
2 2D3/2,

and 3s23p 2Po
3/2Y 3s3p

2 2D5/2 transitions have very small oscil-
lator strengths, and they do not show an increasing trend at higher
energies. The collision strength for magnetic quadruple forbidden
transitions remains almost constant, while the collision strength
decreases as the incident electron energy is increased for inter-
combination transitions.

The resonant collision strengths in the threshold energy region
below the highest excitation threshold at 1.035 ryd for the for-

bidden 3s23p 2Po
1/2Y3s

23p 2Po
3/2, intercombination 3s23p 2Po

3/2Y
3s3p2 4P3=2, and allowed 3s23p 2Po

3/2Y3s3p
2 2D5/2 transitions

have been displayed as a function of electron energy in Figures 1Y
3. It is clear from these figures that the resonance structures are
complex andmaymake significant enhancements in the collision
strengths. The nonresonant background collision strength for the
allowed transitions is generally larger than the forbidden tran-
sitions. However, a decreasing trend in the background collision
strength away from resonances with increasing energy can be
noted for the weak resonance 3s23p 2Po

3/2Y3s3p
2 2D5/2 transition

in Figure 3. The resonance enhancement in collision strengths for
the forbidden transitions is normally larger than for allowed transi-
tions. The relativistic effects appear to be small for these transitions.
We chose a fine energy mesh for collision strength calculation in
the thresholds energy region to delineate the resonance structures.
The collision problem in the external region was solved using an
energy mesh of 0.00025 ryd in the closed-channels energy re-
gions up to 1.035 ryd. Resonance structures are quite dense in the
energy region up to the 3s3p2 2P3/2 threshold around 0.775 ryd.
Our calculations properly include the important short-range cor-
relation effect to obtain correct resonance positions in the low-
energy region.

We have calculated thermally averaged collision strengths using
equation (6) at 14 electron temperatures in the range log (Te) ¼
3:4Y5:4 K. In Table 3 we present effective collision strengths for
all transitions between the lowest 29 fine-structure levels. The
keys of lower and upper levels of a transition are given in Table 1.
The experimental wavelengths of transitions are also listed
in Table 3. The results for transitions to the levels 30 and 31
(3s25f 2Fo

5/2;7/2) are not given because the coupling from higher
exciting levels above level 31 may significantly influence the
collision strengths for these transitions and our results for these
transitions may be in error.

The effective collision strength for the allowed transitions in-
creaseswith increasing temperature. The effective collision strength
for the intercombination transitions decreases rapidly with in-
creasing temperature in the high-temperature regime. These tran-
sitions can only occur through electron exchange. The strength of
the spin-orbit interaction appears to be small, particularly for low-
lying excited levels. Our effective collision strengths for the for-
bidden 3s23p 2Po

1/2Y
2Po

3/2 transition have been compared with
the eight-stateR-matrix calculations of Dufton&Kingston (1991)

Fig. 4.—Effective collision strength for forbidden 3s23p2Po
1/2Y3s

23p2Po
3/2

transition as a function of electron temperature. Solid curve: Our 31 level calcu-
lation; dashed curve: eight-state calculation of Dufton & Kingston (1991).

Fig. 5.—Effective collision strength for 3s 23p2Po
1/2Y3s3p

2 4P3/2 transitions
as a function of electron temperature. Solid curve: Our 31 level calculation; dashed
curve: eight-state calculation of Dufton & Kingston (1991).
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Fine-structure excitation: 
Needs

Ne+ + H, Ne2+ + H 
protoplanetary disks

(Meijerink et al. 2007)

Ne++H,H2,
 Ne2+ + H,H2 in XDRs

(Abel 2008)

S + H
protoplanetary disks

(Meijerink et al. 2007)

[N
eI

II]
/[N

eI
I] 

[NeIII]/[NeII] ratio used as a 
diagnostic of AGNs

Usually only e-collisions 
considered

e

e, H, H2

[NeIII] and [NeII] lines 
observed in protoplanetary 
disks with Spitzer

H collisional rates needed

[SI] observed in proto-
planetary disks

H collisional rates needed



Electronic excitation: 
Highlights

O + H MOCC 
calculations

Krems et al. (2006)

Na + He MOCC 
calculations

Lin et al. (2008)

to 20,000 cm!1 and 96 values of the total angular momentum
J ¼ 4:5!100:5. To verify the accuracy of our calculations,
we used the log-derivative propagator of Johnson (1973) and
Manolopoulos (1986) and the Numerov method to integrate the
differential equations. In Figure 2 we show the energy depen-
dence of the cross section for the reaction given in equation (2)
as a function of energy. Many shape resonances occur for ener-
gies below1.24 eV. Most are narrow and individually enhance
the cross section by less than an order of magnitude. Their con-
tribution to the thermal rate coefficient is not significant. In Fig-
ure 3 we show the rate coefficient kq as a function of temperature
T obtained by averaging the product of the cross section and the
relative velocity over a Maxwellian velocity distribution. At tem-
peratures between 1000 and 10,000 K, it may be represented in
units of cm3 s!1 with the accuracy of 1% by the expression

kq(T ) ¼
(1:74T=6000þ 0:06)10!12

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T=6000

p exp (!0:47T=6000):

ð10Þ

To identify the principal mechanism for the 1D $ 3P transi-
tion, we repeated the calculations, neglecting the radial depen-
dence of the matrix elements of the l2 operator between the states
separating to the 3P and 1D atomic limits. The results are shown
in Figure 3. The rate coefficients are nearly unchanged, indicating
that the 1D $ 3P transition is driven by the spin-orbit interac-
tion. Another frequent approximation is the assumption that the
spin-orbit interaction is independent of R. We found, as shown in
Figure 3, that it leads to an overestimate by a factor of 1.4 in the
high-temperature regime. It is important to include the diagonal-
izing transformation matrix C in equation (6). Figure 4 pre-
sents the partial wave cross sections at an energy of 1.24 eV for
individual values of the total angular momentum J when we ap-
ply C and when we do not. Without C, there occurs a substantial
accumulation of artificial amplitudes for the transition at large
internuclear distances despite the high centrifugal barriers. The
transformation suppresses them. The integral cross section com-
puted without the transformation C at 1.24 eVoverestimates the
accurate result by about 55%.

Numerical values of the quenching rate coefficient are
given in Table 1. It increases rapidly from 2:8 ; 10!13 cm3 s!1 at

Fig. 2.—Cross section for the 1D ! 3P relaxation as a function of collision
energy.

Fig. 3.—Rate coefficients for the 1D ! 3P transition in collisions of oxygen
and hydrogen as functions of temperature. Solid line: rigorous calculation; circles:
calculations assuming the matrix element of l2 are constant (independent of the
interatomic distance); dashed line: calculations assuming the spin-orbit interaction
is constant; triangles: calculations assuming both the l2 and spin-orbit interaction
matrix elements are constant.

Fig. 4.—Partial wave cross sections for the 1D ! 3P transition at a collision
energy of 1.24 eV as functions of total angular momentum J. Circles: rigorous
calculation; squares: calculations without the transformation C in eq. (6).

TABLE 1

Rate Coefficients for the Processes in Equations (1) and (2),
in Units of cm3 s!1

Temperature

(K) kq k exc

100.......................................... 2:83; 10!13 . . .
200.......................................... 4:85; 10!13 . . .
300.......................................... 5:84; 10!13 . . .
500.......................................... 6:84; 10!13 . . .
700.......................................... 7:41; 10!13 2:81; 10!27

1000........................................ 8:00; 10!13 5:40; 10!23

2000........................................ 9:38; 10!13 5:74; 10!18

3000........................................ 1:03; 10!12 2:83; 10!16

4000........................................ 1:09; 10!12 2:01; 10!15

5000........................................ 1:12; 10!12 6:47; 10!15

6000........................................ 1:13; 10!12 1:40; 10!14

7000........................................ 1:12; 10!12 2:39; 10!14

8000........................................ 1:10; 10!12 3:52; 10!14

10,000..................................... 1:05; 10!12 5:96; 10!14
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FIG. 6: Rate coefficients of inelastic collision processes, Na(3p 2P o) + X → Na(3s 2S) + X (solid

curve) and Na(3s 2S)+X → Na(3p 2P o)+X (dashed curve), as functions of temperature T . Thick

curves for X=He and thin curves for X=H
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O: 1D➜3P Na: 3s➜3p

H

He

Na I was the first detected 
atomic feature in an 
extrasolar planet

Barman et al. (2002) 
suggest Na is in non-LTE

Collisions with H2, He, and 
H should dominate 
electrons

Similar for K and Rb

PHOENIX Na EGP model

Na: 
3s➜3p



Summary - Needs

Electron capture (charge transfer):
State-selective low-E measurements
Improvements in molecular energies for MOCC calcs.
Lattice-methods - 2-electron (6D), lower-energy
Measurements/calculations of n-capture elements (q=1-5)
H+ with 3rd and 4th row elements (Fe, Mg, Se, ...)
Select ions (q<5) up to Zn only have Landau-Zener rates

Electron impact electronic excitation:
n-capture elements (q=1-5)



Summary - Needs

Fine-structure excitation:
Measurements are generally lacking
Calculations for S, S+, Ne+, Ne2+ due H (He)
Calculations for Ne+ and Ne2+ due to H2

Improvements for select electron collisions

Electronic excitation by neutral collisions:
Measurements are generally lacking
Na due H2; K, Rb by H2, He, and H, ....

Compilations
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