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ABSTRACT

Aims. Proton-ion collisions are important for excitation or de-excitation of certain excited states in a high-temperature low density
astrophysical plasma.
Methods. In the present work an evaluation of data obtained for proton-induced transitions in Fe X–Fe XXIII ions is carried out with
the help of different theoretical methods.
Results. A simple analytical formula with seven parameters is suggested. This formula allows us to describe the dependence of the
proton rate coefficient on the proton temperature in a wide temperature range. The values of the free parameters have been determined
by fitting the approximation formula to numerical data and are presented for recommended data together with fitting accuracies.
By comparing proton collision rates with electron rates it is shown that proton impact excitation processes may be important for
Fe X, XI, XIII–XV, XVII–XXIII ions. The results obtained can be used for plasma kinetics calculations and for the development of
spectroscopic methods of astrophysical plasma diagnostics.
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1. Introduction

The importance of proton-ion collisions for ion kinetic calcula-
tions was first demonstrated by Seaton (1964) for the case of the
Fe XIV ion. It has been shown that proton excitation rates can
become comparable to (or even larger than) the electron exci-
tation rates for transitions for which the excitation energy ΔE
is much smaller than the proton temperature kTp. It should be
noted that often proton-ion collisions are not important for pop-
ulating ion levels even in the case ΔE � kTp, i.e. this condition
is necessary but is not sufficient. For example, such a situation
occurs in dense plasma where closely spaced ionic levels are as
a rule statistically populated. In low density plasma the impor-
tance of proton-ion collisions may be very high especially for
transitions within the ground configuration of an ion. The num-
ber of such transitions is not very large and so, compared to the
electron processes, relatively little data are required to account
for proton processes in a particular ion.

In principle, proton collision can influence the population
kinetics by increasing either excitation rates for some levels or
their collision decay rates.

An increase of excitation rates can be important only for lev-
els i near the ground ion state (or close to a strongly metastable
state). In this case proton collision will be important for a plasma
with an electron density Ne which satisfies the condition

Ne < Ai/Cie (1)

(where Ai and Cie are the probability of radiative and electron
collision decay of level i, respectively), because at higher density
electron collisions cause a Boltzmann population of the level i.

Increase of collision decay rates can be important for excited
levels i if the proton density satisfies the reverse condition

Np > Ai/Cip. (2)

If radiative decay of level i is allowed, the last condition can be
valid only in a dense plasma (laser-produced plasma, Z-pinches,
exploding wires), while for metastable levels it can be satisfied
even in low density astrophysical or laboratory plasmas.

Thus, proton excitation/de-excitation of fine-structure transi-
tions involving ground or low-lying ion metastable states are of
primary interest.

At present there are a lot of papers where proton-ion collision
rates Ci j have been calculated for different Fe ions. In these pa-
pers proton collision rate coefficients were published in a table
form. Because positive ions repel protons, the rate coefficients
fall sharply to zero at the threshold energy, and tabulated values
of rate coefficients typically change by several orders of mag-
nitude over a small temperature range. For many applications
tabular data presentation is not very convenient, and some ana-
lytical representation Ci j(Tp) would be preferable. Therefore the
purpose of the present work was not only an evaluation of proton
rates calculated for Fe X–Fe XXIII ions with the help of differ-
ent methods, but also the choice of a simple function allowing us
to describe dependencies Ci j(Tp) for all transitions considered.

2. Methods used for calculations of proton rate
coefficients

Several different methods, both semiclassical and quantal, can be
employed in deriving proton rate coefficients (see for example
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reviews by Dalgarno 1983; Reid 1988; Copeland et al. 1997;
Young et al. 2003).

The most basic is the semiclassical (or impact-parameter) ap-
proach in which the position of the proton relative to the ion
is treated classically. This approach was originally applied to
Coulomb excitation of nuclei by Alder et al. (1956) and first ex-
tended to the proton excitation of ions by Seaton (1964). In the
case of semiclassical calculations, either first-order approxima-
tions or close-coupling approximations have been used.

At low proton energies the semiclassical first-order approx-
imation is valid at all impact parameters because the interac-
tions between the proton and electrons of an ion are weak due to
Coulomb repulsion of proton and ion. At intermediate energies
and low impact parameter values the first-order approximation
fails, and it is necessary to adopt a different approximation or
solve numerically the coupled differential equations describing
the interaction. In the semiclassical close-coupling approxima-
tion, the transition probabilities are determined by means of the
numerical solution of coupled differential equations, thereby re-
moving the need for first-order approximations and hence the
uncertainty in the intermediate energy range.

Generally speaking, the most accurate method is to treat the
proton’s trajectory quantum mechanically and solve the com-
plete set of close-coupling equations. Such an approach is com-
monly used in R-matrix calculations of electron-ion collisions;
however, it is computationally much more demanding for pro-
ton collisions, and only a few results were obtained for Fe ions
by this method. Within the semiclassical approach, it has been
shown that symmetrizing the problem with respect to the initial
and final velocities (Alder et al. 1956), and including polariza-
tion effects (Heil et al. 1982, 1983), can improve the accuracy
of the proton rates. In the paper of Faucher & Landman (1977)
it has been shown that for highly charged ions both a quantum
and a semiclassical close-coupling approach can give very close
results.

It should be noted that an estimation of the accuracy of the
computations is very difficult. In the best cases we can expect a
data accuracy of about 10–25% (see also Copeland et al. 1997).

3. Analytical function for an approximation
of the dependencies of proton collision rates
on proton temperature

In the present work we have used a simple function to approxi-
mate calculated temperature dependencies Ci j(Tp):

Ci j(Tp)[cm3 s−1] = 10−10 p1 exp(−(p2/Tp)p3 )
(Tp/p6)p7

1 + (Tp/p4)p5
· (3)

In Eq. (3) Tp, p2, p4 and p6 are in [eV], 1 eV = 11605 K.
It should be mentioned that Eq. (3) is not based on the known

properties of the rate coefficients. It has a qualitatively correct
behavior at low temperatures and absolutely incorrect behavior
at high temperature. But in the temperature range that is most
important for plasma applications, Eq. (3) allows us to describe
numerical data with an accuracy better than 5% for all transitions
in all ions considered. The values of the seven free parameters
and the temperature ranges over which the fit is valid are pre-
sented in the present paper together with approximation accu-
racies. Note that functions with five to nine free parameters are
now often used in different databases to store data on electron-
ions collisions.

The values of the free parameters pi were determined by
the following two-stage procedure. In the first stage we chose

manually initial values pi(0) which gave the correct qualitative
temperature-dependence of the rate coefficient. In the second
stage we constructed a seven-dimensional grid around the point
pi(0) with steps of about 0.01pi(0). The differences between the
theoretically-calculated rate coefficients and the approximation
Eq. (3) were then calculated at all given temparatures for all
points of the grid. If for some grid point this difference was
less than 5% for all temperatures, the calculation was stopped,
and the coordinates of this grid point were taken as the re-
quired pi values. The values of pi determined in this way do not
give the best fit of Eq. (3) to the theoretically-calculated values
(which was not our purpose), but they provide approximations
to the theoretically-calculated results with an accuracy better
than the intrinsic accuracy of those theoretical results. Such sim-
ple approximations are currently employed to include detailed
radiation-collisional ion kinetics in two- and three-dimensional
plasma gas-dynamical calculations.

4. Results

4.1. Chlorine-like Fe X (3s23p5 2P)

For the Fe X ion proton collision excitation is important for only
one transition 3s23p5 2P3/2–3s23p5 2P1/2.

Bely & Faucher (1970) used a symmetrized first-order semi-
classical approximation to calculate the proton cross section and
rate coefficient for the 3s23p5 2P3/2−2P1/2 transition in Fe X. In
the intermediate energy range, where a first-order theory breaks
down, an approximation referred to as Coulomb-Bethe II was
employed, borrowed from the theory of electron excitation of
positive ions, to determine the cross section. Bely & Faucher
(1970) estimate their rate coefficients to be accurate to within
50% for the first ions in the chlorine isoelectronic sequence. The
estimated error is smaller for the more highly charged ions.

Kastner (1977) and Kastner & Bhatia (1979) also used the
first-order semiclassical approximation for low energies, while
for intermediate energies a form for the cross section due to
Bahcall & Wolff (1968) was used. From the comparison pre-
sented in Fig. 1 one can see that the results of Kastner (1977)
and Kastner & Bhatia (1979) are on the whole lower than the
earlier values of Bely & Faucher (1970). All results agree within
50% throughout the temperature range of 50–350 eV, while for
temperatures <100 eV the agreement is very good. Because the
first-order semiclassical approximation systematically overesti-
mates the rates in the high energy region, we recommend to use
the data of Kastner & Bhatia (1979), but we present in Table 1
the results of the approximation for both the data of Kastner &
Bhatia (1979) and of Bely & Faucher (1970).

Bhatia & Doschek (1995) calculated the rate of this transi-
tion for a single temperature value of 106 K. As we see from
Fig. 1 this result agrees with both Bely & Faucher (1970) and
Kastner & Bhatia (1979) as well as with our fitting.

In Fig. 1 the electron collision rate coefficient calculated
by Aggarwal & Keenan (2005b) is also presented. It can be
seen that proton collisions will influence the population of the
3s23p5 2P1/2 level in plasmas with temperature higher than
100 eV.

4.2. Sulfur-like Fe XI (3s23p4 3P)

For the Fe XI ion proton collisions must be taken into account
for three transitions between the fine structure components of
the ground 3s23p4 3P0,1,2 term. The corresponding rate coeffi-
cients have been calculated by Landman (1980) with the help
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Table 1. The values of fitting parameters, defined in Eq. (3), for proton excitation rate coefficients of transitions in ions Fe X–Fe XV.

Ref. Ion Transition p1 (cm3s−1) p2 (eV) p3 p4 (eV) p5 p6 (eV) p7 Accuracy (%) Tp (eV)

1 X 3s23p5 2P3/2−3s23p5 2P1/2 2.99 47 1.4 87 2.4 38 2.3 1.2 20–400
2 X 3s23p5 2P3/2−3s23p5 2P1/2 3.03 47 1.4 83 1.9 38 2.3 1.5 20–400
3 XI 3s23p4 3P2−3s23p4 3P1 6.05 55 1.5 270 1.36 79 1.3 1.9 20–250
3 XI 3s23p4 3P2−3s23p4 3P0 1.485 55 1.5 310 2.9 79 1.4 2.0 20–250
3 XI 3s23p4 3P1−3s23p4 3P0 0.0126 55 1.5 192 2.18 11 2 2.4 20–250
4 XII 3s23p3 4S3/2−3s23p3 2D3/2 0.01 71 3 110 1.1 50 2 1.5 70–250
4 XII 3s23p3 4S3/2−3s23p3 2D5/2 0.017 74 3 107 1.1 49 2 1.6 70–250
4 XII 3s23p3 4S3/2−3s23p3 2P1/2 0.00028 82.5 3 3000 1.1 49 2 2.4 70–250
4 XII 3s23p3 4S3/2−3s23p3 2P3/2 0.0007 81 3 530 1.1 50 2 3.0 70–250
4 XII 3s23p3 2D3/2−3s23p3 2D5/2 0.3 38 3 550 1.1 50 1 1.7 70–250
4 XII 3s23p3 2D3/2−3s23p3 2P1/2 0.02 76 3 1500 1.1 50 2 1.2 70–250
4 XII 3s23p3 2D3/2−3s23p3 2P3/2 0.025 74 3 400 1.1 50 2 1.4 70–250
4 XII 3s23p3 2D5/2−3s23p3 2P1/2 0.0202 70.7 3 343 1.1 50 2 3.0 70–250
4 XII 3s23p3 2D5/2−3s23p3 2P3/2 0.0598 70.7 3 328 1.1 50 2 1.0 70–250
4 XII 3s23p3 2P1/2−3s23p3 2P3/2 0.3 49.8 4 119 1.8 50 2 0.7 70–250
5 XIII 3s23p2 3P0−3s23p2 3P1 0.185 65 3 345 1.7 45 2 1.1 60–270
5 XIII 3s23p2 3P0−3s23p2 3P2 1.23 62 3 210 1.7 45 2 0.6 60–270
5 XIII 3s23p2 3P0−3s23p2 1D2 0.3 73.2 3.5 174 1.85 46.6 2 1.6 60–270
5 XIII 3s23p2 3P0−3s23p2 1S0 0.00005 64 3.5 450 2 30 3 1.1 60–270
5 XIII 3s23p2 3P1−3s23p2 3P2 1.98 38 3 160 1.9 45 2 1.0 60–270
5 XIII 3s23p2 3P1−3s23p2 1D2 0.106 65.5 3 258 2.4 45 2 0.8 60–270
5 XIII 3s23p2 3P1−3s23p2 1S0 0.00005 75 3.7 280 2.4 29.7 3 1.2 60–270
5 XIII 3s23p2 3P2−3s23p2 1D2 0.365 64 3 208 1.7 45 2 1.2 60–270
5 XIII 3s23p2 3P2−3s23p2 1S0 0.000256 79 3 320 2.2 27.2 3 1.8 60–270
5 XIII 3s23p2 1D2−3s23p2 1S0 0.00512 74 2.6 280 2.2 27.2 3 0.8 60–270
5 XIV 3s23p 2P1/2−3s23p 2P3/2 1.03 72.6 1.3 125 1.8 28.7 2.1 1.6 20–500
6 XV 3s3p 3P0−3s3p 3P1 0.0499 78 2.5 365 2 65 2 1.4 70–900
6 XV 3s3p 3P0−3s3p 3P2 0.0986 60 3 224 2 48 2.1 2.4 70–900
6 XV 3s3p 3P1−3s3p 3P2 0.1 51 3 225 2 50 2.1 1.9 70–900

References. (1) Kastner & Bhatia (1979); (2) Bely & Faucher (1970); (3) Landman (1980); (4) Landman (1978); (5) Landman (1975); (6) Landman
& Brown (1979).

Fig. 1. Proton collision rate coefficient for transition 3s23p5 2P3/2−2P1/2

in Cl-like Fe X: solid lines – Eq. (3), triangles – data Kastner & Bhatia
(1979), � – data Bely & Faucher (1970), • – data Bhatia & Doschek
(1995), dashed line – electron collision rate coefficient of Aggarwal &
Keenan (2005b).

of a symmetrized, semiclassical close-coupling method. This
method retains the classical treatment for the proton trajectory,
but the transition probabilities are determined by numerically
solving the close-coupling equations, removing the uncertain-
ties at intermediate energies of the first-order approximation.
For the transitions 3P2−3P1,0 at a temperature of 1.3 × 106 K the

proton rates were calculated by Bhatia & Doschek (1996) with
the help of the first-order semiclassical approach. It can be seen
from Fig. 2 that the first-order approach significantly overesti-
mates the collision rates.

We fitted the data of Landman (1980) by Eq. (3), and the
results for pi are presented in Table 1, while dependencies of the
rate coefficients on the proton temperature are shown in Fig. 2.

In Fig. 2 the electron collision rate coefficients calculated
by Gupta & Tayal (1999) are also presented. It can be seen that
proton collisions will influence the population of the 3s23p4 3P1,2
levels in plasma with a temperature higher than 100 eV.

4.3. Phosphorus-like Fe XII (3s23p3 4S, 2D, 2P)

For the Fe XII ion proton collisions must be taken into ac-
count for ten transitions between fine structure components of
the ground 3s23p3 configuration. The corresponding rate coeffi-
cients have been calculated by Landman (1978) with the help of
a symmetrized, semiclassical close-coupling method. We fitted
the data of Landman (1978) by Eq. (3). The obtained values of pi

are presented in Table 1 and the dependencies of rate coefficients
on proton temperature are shown in Figs. 3–5.

In Figs. 3–5 the electron collision rate coefficients calculated
by Binello et al. (1998) are also presented. It can be seen that
proton collisions are not important for the kinetics of the Fe XII
ion in the plasma with any reasonable temperature.
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Fig. 2. Proton collision rate coefficients for the transitions
3s23p4 3PJ−3PJ′ in S-like Fe XI: solid, dashed and doted lines –
Eq. (3), diamonds – Bhatia & Doschek (1995) and triangle – Landman
(1980) for 3P2−3P1 transition; × – Bhatia & Doschek (1995) and +
– Landman (1980) for the 3P2−3P0 transition; ◦ – Bhatia & Doschek
(1995) for the 3P1−3P0 transition; solid thin lines with diamonds, ×, ◦
– electron rate coefficients of Gupta & Tayal (1999) for the transitions
3P2−3P1,

3P2−3P0 and 3P1−3P0, respectively.

Fig. 3. Proton collision rate coefficients for transitions in P-like Fe
XII: thick solid, dashed and dot lines – formula (3), × – data for
3s23p3 4S3/2−2D3/2 transition, diamonds – data for 3s23p3 4S3/2−2D5/2

transition, • – data for 3s23p3 4S3/2−2P3/2 transition, � – data
for 3s23p3 4S3/2−2P3/2 transition; thin solid lines with ×, dia-
monds, •, � – electron rate coefficients of Binello et al. (1998) for
4S3/2−2D3/2,

4S3/2−2D5/2,
4S3/2−2P3/2, and 4S3/2−2P3/2 transitions, re-

spectively.

4.4. Silicon-like Fe XIII (3s23p2 3P, 1D, 1S)

For the Fe XIII ion it is necessary to consider ten transi-
tions among the levels of the ground configuration 3s23p2.
Cross sections and rate coefficients for these transitions have
been obtained by using the semiclassical close-coupling theory
(Masnou-Seeuws & McCarroll 1972; Landman 1975), a first-
order semiclassical method (Sahal-Breshot 1974; Kastner 1977;
Kastner & Bhatia 1979) and a quantal approach to the close-
coupling method (Faucher 1977; Faucher & Landman 1977).
The quantal approach is based on the work of Faucher (1975)
which adapts the electron-ion quantum collision theory (Bely
et al. 1963) to the proton-ion case. While such quantal calcu-
lations can model the short-range interaction more accurately, it
is possible to expect that the accuracy of the data of Faucher
(1977) and Faucher & Landman (1977) is higher than others

Fig. 4. Proton collision rate coefficients for transitions in P-like Fe
XII: solid, dashed and doted lines – Eq. (3), × – data for the
3s23p3 2D3/2−2D5/2 transition, • – data for the 3s23p3 2D3/2−2P3/2 tran-
sition, � – data for the 3s23p3 2D3/2−2P1/2 transition; thin solid lines
with ×, •, � – electron rate coefficients of Binello et al. (1998) for the
2D3/2−2D5/2,

2D3/2−2P3/2, and 2D3/2−2P1/2 transitions, respectively.

Fig. 5. Proton collision rate coefficients for transitions in P-like Fe
XII: solid, dashed and doted lines – Eq. (3), × – data for the
3s23p3 2D5/2−2P1/2 transition, • – data for the 3s23p3 2P1/2−2P3/2 tran-
sition, � – data for the 3s23p3 2D5/2−2P3/2 transition; solid thin lines
with ×, •, � – electron rate coefficients of Binello et al. (1998) for the
2D5/2−2P1/2,

2P1/2−2P3/2, and 2D5/2−2P3/2 transitions, respectively.

(Masnou-Seeuws & McCarroll 1972; Landman 1975; Sahal-
Brechot 1974; Kastner 1977).

In Fig. 6 the proton excitation cross-sections between the fine
structure levels of 3s23p2 3PJ are shown as a function of the in-
cident proton energy. In this figure quantum results of Faucher
(1975, 1977) and Faucher & Landman (1977) (square) are com-
pared with semi-classical results of Landman (1975) (solid line)
and of Masnou-Seeuws & McCarroll (1972) (dotted line). It can
be seen from this figure that the semi-classical cross-sections
obtained in Landman (1975) by directly solving Schrodinger’s
equation are very similar to those obtained by Faucher (1975)
with a quantum method in the low and intermediate energy
range.

Among the two available calculations of Masnou-Seeuws &
McCarroll (1972) and Landman (1975) we choose the data of
Landman (1975) because these data agree better with the quan-
tum calculations of Faucher (1977) and Faucher & Landman
(1977) and are presented for a wider range of transitions. In
Landman (1975) data are given for all transitions between the
individual magnetic sublevels of the 3P0,1,2,

1D2, and 1S0 levels
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Fig. 6. Proton excitation cross sections for transitions in Si-like Fe
XIII: squares – quantum results of Faucher (1977), solid line – semi-
classical results of Landman (1975), dotted line – semi-classical results
of Masnou-Seeuws & McCarroll (1972); for (1) the 3P0−3P1 transition,
(2) the 3P1−3P2 transition, and (3) the 3P0−3P2 transition.

Fig. 7. Proton collision rate coefficients for transitions in Si-like Fe XIII:
thick solid, thin solid, dashed and doted lines – Eq. (3), diamonds –
data of Landman (1975) for the 3s23p2 3P0−3P1 transition, black trian-
gles – data of Landman (1975) for the 3s23p2 3P0−3P2 transition, × –
data of Landman (1975) for the 3s23p2 3P0−1D2 transition, + – data of
Landman (1975) for the 3s23p2 3P0−1S0 transition, � – data of Kastner
& Bhatia (1979) for the 3s23p2 3P0−3P2 transition; thin solid lines with
diamonds, black triangles, ×, � – electron rate coefficients of Aggarwal
& Keenan (2005a) for the 3P0−3P1,

3P0−3P2,
3P0−1D2,

3P0−1S0, and
3P0−3P2 transitions, respectively.

of the ground configuration. These rates have been summed over
the magnetic sublevels and fitted to Eq. (3). Results obtained are
presented in Table 1 and Figs. 7–9.

In Figs. 7–9 the electron collision rate coefficients calculated
by Aggarwal & Keenan (2005a) are also presented. It can be seen
that proton collisions will significantly influence the population
of the 3s23p2 3P1,2 and 1D2 levels in plasma with a temperature
higher than 200 eV and will not influence the population of the
3s23p2 1S0 level.

4.5. Aluminium-like Fe XIV (3s23p 2P)

For the Fe XIV ion the proton collision rates are important only
for one transition 3s23p 2P1/2−2P3/2. For this transition data cal-
culated with the help of all methods considered above are avail-
able.

In the papers of Bely & Faucher (1970), Kastner & Bhatia
(1979), and Burgess & Tully (2005) a first-order semiclassical

Fig. 8. Proton collision rate coefficients for transitions in Si-like Fe XIII:
solid, dashed and doted lines – Eq. (3), diamonds – data of Landman
(1975) for the 3s23p2 3P1−3P2 transition, triangles – data of Landman
(1975) for the 3s23p2 3P1−1D2 transition, + – data of Landman (1975)
for the 3s23p2 3P1−1S0 transition; thin solid lines with diamonds, trian-
gles, + – electron rate coefficients of Aggarwal & Keenan (2005a) for
the 3P1−3P2,

3P1−1D2, and 3P1−1S0 transitions, respectively.

Fig. 9. Proton collision rate coefficients for transitions in Si-like Fe XIII:
solid, dashed and doted lines – Eq. (3), diamonds – data of Landman
(1975) for the 3s23p2 3P2−1D2 transition, triangles – data of Landman
(1975) for the 3s23p2 3P2−1S0 transition, + – data of Landman (1975)
for the 3s23p2 1D2−1S0 transition; thin solid lines with diamonds, trian-
gles, + – electron rate coefficients of Aggarwal & Keenan (2005a) for
the 3P2−1D2,

3P2−1S0, and 1D2−1S0 transitions, respectively.

theory has been used with different methods of a limitation of
the transition probabilities for small values of the impact pa-
rameter. In the work of Landman (1975) the rate coefficient was
calculated using a semi-classical close-coupling treatment anal-
ogous to Masnou-Seeuws & McCarroll (1972). Close-coupling
quantal calculations have been carried out by Heil et al. (1983).
The cross sections calculated in this paper are probably the
most accurate for Fe XIV to date because of the approach (Heil
et al. 1983) to model the interaction accurately not only by ex-
pressing the short-range term accurately, but also by including
the polarization term for the long-range interaction as well as the
quadrupole term. The results obtained in these papers are shown
in Fig. 10. It can be seen that as usual the first-order semiclassi-
cal method overestimates the rate coefficient in medium and high
energy regions, and the semiclassical close-coupling results are
close enough to the quantal calculations. It should be noted that
the results in Landman (1975) at higher temperatures are higher
than the data in Heil et al. (1983). This is likely caused by the
following reason. In Heil et al. (1983) the cross sections were
calculated only for a proton energy of up to 900 eV, which is not
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Fig. 10. Proton collision rate coefficients for the transition
3s23p 2P1/2−2P3/2 in Al-like Fe XIV: solid line – Eq. (3), ◦ –
data of Kastner & Bhatia (1979), triangles – data of Landman (1975),
+ – data of Bely & Faucher (1970), � – data of Heil et al. (1983),
squares and × – data of Burgess & Tully (2005) for different methods
considering the small impact parameter region; thin solid line – electron
rate coefficient of Storey et al. (1996).

large enough to obtain reliable rate coefficients at high tempera-
tures. In Landman (1975) a wider energy range (up to 2900 eV)
was considered. Therefore we have chosen the data of Landman
(1975) as our recommended data and fit them in Eq. (3). The
results obtained are presented in Table 1.

In Fig. 10 the electron collision rate coefficient calculated
by Storey et al. (1996) is also presented. It can be seen that
proton collisions will strongly influence the population of the
3s23p 2P3/2 level in the plasma with a temperature higher than
200 eV.

4.6. Magnesium-like Fe XV (3s3p 3P)

Two calculations (Kastner 1977; Landman & Brown 1979) have
been carried out for the fine-structure transitions 3s3p 3PJ−3PJ′

in magnesium-like Fe XV. In Kastner (1977) a first-order semi-
classical theory was used, while the calculations of Landman &
Brown (1979) were based on the semiclassical close-coupling
treatment. We recommend to use the results of Landman &
Brown (1979) and corresponding fitting parameters are pre-
sented in Table 1. The dependencies of the proton rate coeffi-
cients on proton temperature are shown in Fig. 11.

In Fig. 11 the electron collision rate coefficients calculated
by Aggarwal et al. (2003a,b) are also presented. It can be seen
that proton collisions will significantly influence the population
of the 3s3p 3P0,1,2 levels in plasma with a temperature higher
than 400 eV.

It should be noted that in the CHIANTI database (Young
et al. 2003) for proton impact excitation of transitions in Fe XI,
XII, XIII, and Fe XV ions, the data presented in the papers by
Landman (1980, 1978, 1975), and Landman & Brown (1979) are
used. These data are the same as we recommend in the present
paper. For Fe X they use the data in Bely & Faucher (1970),
while we recommend the data in Kastner & Bhatia (1979), and
for Fe XIV they use unpublished calculations by Tully J. (2002,
unpublished), while we recommend data in Landman (1975).

4.7. Ne-like Fe XVII ion (2s22p53s 3,1P)

For Ne-like Fe XVII we know only one paper of Landman
(1985) where proton collisional excitation rate coefficients have

Fig. 11. Proton collision rate coefficients for the transitions in Mg-like
Fe XV: solid, dashed and doted lines – Eq. (3), diamonds – data of
Landman & Brown (1979) for the 3s3p 3P0−3P1 transition, × – data of
Landman & Brown (1979) for the 3s3p 3P0−3P2 transition, ◦ – data
of Landman & Brown (1979) for the 3s3p 3P1−3P2 transition; thin
solid lines with diamonds, ×, ◦ – electron rate coefficients of Aggarwal
et al. (2003a) for the 3P0−3P1,

3P0−3P2, and 3P1−3P2 transitions, re-
spectively.

been calculated for transitions among the 2p53s (2S+1)PJ lev-
els. The calculations have been performed according to a sym-
metrized semiclassical impact parameter theory in which the
truncated Schrodinger equation for quadrupole excitation is di-
rectly integrated. Intermediate coupling wave functions for the
J = 1 levels were determined using the observed 2p53s en-
ergy levels; otherwise, the Slater and spin-orbit interaction inte-
grals obtained with Froese Fischer’s MCHF77 program (Froese
Fischer 1978) were used. The LS-coupled quadrupole interac-
tion matrix was then converted to intermediate coupling accord-
ing to the derived transformation coefficients.

The results of Landman’s calculations (Landman 1985) are
presented in Figs. 12 and 13. Note that at present no other theo-
retical or experimental results are available for a comparison of
the proton rate coefficients. It is possible to compare proton col-
lision excitation with electron excitation. In Figs. 12 and 13 the
electron rate coefficients calculated by extrapolation of the data
of Aggarwal et al. (2003a,b) in the low energy region are pre-
sented. It should be noted that designations of energy levels used
in the paper of Aggarwal et al. (2003a,b) (namely, 3P2,

1P1,
3P0,

and 3P1) differ from the designations used in paper of Landman
(1985) (namely, 3P2,

3P1,
3P0, and 1P1). Our presentation of the

proton rate coefficients in Figs. 12 and 13 and in Table 2 cor-
responds to the designations of Aggarwal et al. (2003a,b). One
can see from Figs. 12 and 13 that in the region T � 107 K proton
collisions are important for all levels considered.

We fitted the data of Landman (1985) by Eq. (3) and the
values of pi obtained are presented in Table 2.

It should be noted that proton collisions can not effectively
excite 2s22p53s levels from the ground level. However, the 3P2
and 3P0 levels are metastable and can have substantial population
densities in relatively low density plasma. Therefore, proton col-
lisions can play a significant role at densities where the collision
depopulation of these levels competes with their radiative decay.
Under these conditions, for example, the relative intensities of
the 2s22p53s 3P0−2s22p53s 3P1 M1 and 2s22p53s 3P2−2p6 1S0
M2 lines relative to the 2s22p53s 3P1−2s22p6 1S0 line may
provide useful density diagnostics (Landman 1985). Because
of the radiative probabilities A(2s22p53s 3P0−2s22p53s 3P1) =
1.6 × 104 s−1, A(2s22p53s 3P0−2s22p53s 3P2) = 2 s−1,
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Table 2. The values of fitting parameters, defined in Eq. (3), for proton excitation rate coefficients of transitions in ions Fe XVII–Fe XXIII.

Ref. Ion Transition p1 (cm3 s−1) p2 (eV) p3 p4 (eV) p5 p6 (eV) p7 Accuracy (%) Tp (KeV)

1 XVII 2s22p53s 3P2−2s22p53s 1P1 0.0252 1 1 290 2.2 100 2.5 3 0.15–1.5
1 XVII 2s22p53s 3P2−2s22p53s 3P1 0.069 214 2 567 1.94 200 2.1 1.8 0.15–1.5
1 XVII 2s22p53s 3P2−2s22p53s 3P0 0.0638 220 2 490 1.87 200 2.1 3 0.15–1.5
1 XVII 2s22p53s 1P1−2s22p53s 3P1 0.197 219 2 439 1.77 200 2.1 2.6 0.15–1.5
1 XVII 2s22p53s 1P1−2s22p53s 3P0 0.003 247 2 790 2.35 200 2.1 2.3 0.15–1.5
1 XVII 2s22p53s 3P0−2s22p53s 3P1 0.0205 249 2.1 870 2.6 250 2.1 2.7 0.15–1.5
2 XVIII 2s22p5 2P3/2−2s22p5 2P1/2 0.00109 189 2 743 2.33 38 2.29 2.9 0.1–4
3 XIX 2s22p4 3P2−2s22p4 3P0 0.00945 150 2.5 630 2.66 150 2.8 4 0.1–5
3 XIX 2s22p4 3P2−2s22p4 3P1 0.005 165 2 649 2.62 150 2.8 3.7 0.1–5
3 XIX 2s22p4 3P0−2s22p4 3P1 0.000785 70 1.4 175 2.33 25 2.0 1.4 0.1–5
4 XX 2s22p3 4S1/2−2s22p3 2D3/2 0.35 720 1.3 1287 15 670 0.9 1.2 0.05–1.5
4 XX 2s22p3 4S1/2−2s22p3 2D5/2 0.5 689 1.3 3250 3 670 1.05 1.6 0.05–1.5
4 XX 2s22p3 4S1/2−2s22p3 2P1/2 0.0675 1000 0.05 1160 4.8 800 4 4.8 0.05–1.5
4 XX 2s22p3 4S1/2−2s22p3 2P3/2 0.00488 1000 0.05 1200 4 800 4 2.5 0.05–1.5
4 XX 2s22p3 2D3/2−2s22p3 2D5/2 2.16 500 1.3 1500 0.7 670 0.8 2.8 0.05–1.5
4 XX 2s22p3 2D3/2−2s22p3 2P1/2 2.2 500 1.33 1020 1.1 670 1.3 2.8 0.05–1.5
4 XX 2s22p3 2D3/2−2s22p3 2P3/2 0.48 550 1.7 4000 1.0 670 1.3 1.3 0.05–1.5
4 XX 2s22p3 2D5/2−2s22p3 2P1/2 1.64 550 1.0 1100 0.4 500 1.0 1.9 0.05–1.5
4 XX 2s22p3 2D5/2−2s22p3 2P3/2 1.52 555 1.25 13000 0.5 500 1.0 2.1 0.05–1.5
4 XX 2s22p3 2P1/2−2s22p3 2P3/2 2.82 700 1.0 670 0.45 500 0.75 1.3 0.05–1.5
5 XXI 2s22p2 3P0−2s22p2 3P1 6.7 × 10−6 500 1.52 1875 2.05 0.5 1.2 5 0.3–15
5 XXI 2s22p2 3P0−2s22p2 3P2 0.585 530 1.35 2400 1.37 260 0.85 5 0.3–15
5 XXI 2s22p2 3P1−2s22p2 3P2 0.75 510 1.0 1400 1.3 260 0.75 3.5 0.3–15
6 XXII 2s22p 2P1/2−2s22p 2P3/2 0.815 720 1.01 1100 1.66 330 1.24 4.4 0.9–60
6 XXII 2s2p2 4P1/2−2s2p2 4P3/2 0.03 340 1.11 1070 1.79 260 1.47 4.8 0.2–6
6 XXII 2s2p2 4P1/2−2s2p2 4P5/2 0.475 478 1.125 960 1.92 500 1.7 4.4 0.2–6
6 XXII 2s2p2 4P3/2−2s2p2 4P5/2 0.21 326 1.15 910 1.47 260 1.47 4.5 0.2-6
7 XXIII 2s2p 3P0−2s2p 3P1 0.007 945 1.01 1345 1.99 330 1.24 4 0.4–3
7 XXIII 2s2p 3P0−2s2p 3P2 0.69 922 0.97 858 1.5 330 1.1 3.3 0.4–3
7 XXIII 2s2p 3P1−2s2p 3P2 0.62 860 0.92 770 1.55 330 1.15 2.1 0.4–3

References. (1) Landman (1985); (2) Foster et al. (1994); (3) Ryans, R. S. I., Keenan, F. P., & Reid, R. H. G. (unpublished); (4) Bhatia & Mason
(1980); (5) Ryans et al. (1999b); (6) Foster et al. (1997b); (7) Ryans et al. (1998).

Fig. 12. Collision rate coefficient for transition 2s22p53s 3P2−(2S+1)PJ in
Ne-like Fe XVII: solid thick lines – Eq. (3) for protons, solid thin lines
– electrons (Aggarwal et al. 2003b), triangles – data of Landman (1985)
and Aggarwal et al. (2003b) for level 1P1, squares – data of Landman
(1985) and Aggarwal et al. (2003b) for level 3P0, ◦ – data of Landman
(1985) and Aggarwal et al. (2003b) for level 3P1.

A(2s22p53s 3P2−2s22p6 1S0) = 1.7 × 105 s−1 (see, for example,
Landman 1985) it follows from the data presented in Figs. 12

Fig. 13. Collision rate coefficient for the transition
2s22p53s 3PJ−(2S+1)PJ′ in Ne-like Fe XVII: solid thick lines –
Eq. (3) for protons, solid thin lines – electrons (Aggarwal et al. 2003b),
triangles – data of Landman (1985) and Aggarwal et al. (2003b) for the
transition 1P1−3P0, squares – data of Landman (1985) and Aggarwal
et al. (2003b) for the transition 1P1−3P1, ◦ – data of Landman (1985)
and Aggarwal et al. (2003b) for the transition 3P0−3P1.

and 13 and condition (2) that proton collision decay will be im-
portant for the 2s22p53s 3P0 level at Np � 1014 cm−3 and for the
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Fig. 14. Proton collision cross section for the transition
2s22p5 2P3/2−2P1/2 in F-like Fe XVIII: solid line – data of Foster
et al. (1994), dashed line – data of Keenan & Reid (1989).

2s22p53s 3P2 level at Np � 1015 cm−3. Note that the CHIANTI
database (Young et al. 2003) does not use proton impact de-
excitation data.

4.8. F-like Fe XVIII ion (2s22p5 2P3/2–2P1/2)

Several semiclassical calculations, both first-order and close-
coupling, have been performed for the Fe XVIII ion. The first-
order semiclassical calculations have been done by Kastner &
Bhatia (1979) and some later by Feldman et al. (1980).

The close-coupling semiclassical method of Reid & Schwarz
(1969) has been used by several authors to calculate both
proton collision excitation cross sections and rate coefficients
for the 2s22p5 2P3/2−2P1/2 transition in Fe XVIII (Keenan &
Reid 1987, 1989; Foster et al. 1994). In the earlier paper of
Keenan & Reid (1987) aspects like the polarization effects,
symmetrization of coupled equations, or departures from LS-
coupling were not considered. Later Keenan & Reid (1989) have
developed this method to incorporate symmetrization with re-
spect to channel velocities, and in a further development, Foster
et al. (1994) have improved the accuracy of the calculations
by considering both symmetrization and polarization effects,
whereby they have included the 2s2p6 2S1/2 level by means of a
polarization potential. The inclusion of these factors has resulted
in a difference of 60% in the cross sections compared with those
of Keenan & Reid (1989, see Fig. 14).

The importance of including polarization effects in intramul-
tiplet excitation collisions was noted in the papers of Heil et al.
(1982, 1983) where a quantal molecular approach was used to
describe the proton-ion interaction. In the calculations of Foster
et al. (1994), the polarization was taken into account by the in-
clusion of the 2s2p6 2S1/2 state alone. For Fe XVIII ion the ma-
jor component of the polarization can be really incorporated by
a single state, because the next states that contribute to the po-
larization (i.e., states with configuration 2s22p43s) have about
six times larger excitation energies than 2s2p6. This is a feature
of highly charged F-like systems and, generally speaking, one
would not expect that a single state could give a good represen-
tation of the polarization in a general case.

The excitation rate coefficients obtained in Kastner & Bhatia
(1979), Feldman et al. (1980), Keenan & Reid (1989), and
Foster et al. (1994) are presented in Fig. 15. It should be noted
that results from Foster et al. (1994) are more than a factor of
two smaller than the semiempirical results of Kastner & Bhatia
(1979) and Feldman et al. (1980) over the narrow temperature

Fig. 15. Proton collision rate coefficient for the transition
2s22p5 2P3/2−2P1/2 in F-like Fe XVIII: solid line – Eq. (3), dia-
monds – data of Foster et al. (1994), opened squares – data of Keenan
& Reid (1989), triangles – data of Kastner & Bhatia (1979), filled
squares – data of Feldman et al. (1980).

range for which they present results, and are 30–36% lower than
the results of Keenan & Reid (1989), where the effects of the 2S
state were not included. We recommend using the data of Foster
et al. (1994), and present the corresponding values of fitting pa-
rameters in Table 2.

The extrapolation of the results obtained in Hummer et al.
(1993) for the excitation of the transition 2s22p5 2P3/2−2P1/2 by
electron impact shows that in the temperature region T ≈ (2−6)×
107 K the electron rate coefficient is about (1−2) × 10−9 cm3s−1.
It means that in a plasma with Te = Tp the excitation by pro-
ton impact can increase the population of the 2s22p5 2P1/2 level
only by 10%. Of course, at Te � Tp the influence of the proton
excitation may be more important.

Note also that the critical density in Eq. (1) for the tran-
sition considered is about 1014 cm−3 (see, for example, Foster
et al. 1994). It follows from this that the proton excitation pro-
cess may be important for Fe XVIII ion only in the low density
plasma with Ne � 1014 cm−3, and it is not necessary to take
this process into account for simulations of more dense plasma
kinetics.

Foster et al. (1994) used their proton excitation rates
to calculate the intensity ratio R for the spectral lines
2s22p5 2P3/2−2s22p5 2P1/2 and 2s22p5 2P3/2−2s2p6 2S1/2 at
plasma parameters determined independently in the experiment
on the JIPP T-II-U tokamak (Nagoya, Japan) and showed that the
modeling results agree very well with results observed by Sato
et al. (1986).

The CHIANTI database uses data of Foster et al. (1994).

4.9. O-like Fe XIX ion (2s22p4 3PJ)

There is only one paper of Feldman et al. (1980) where data on
the proton excitation of the 3P2−3P0 and 3P2−3P1 transitions in
O-like Fe XIX ion were calculated by a first-order semiclassical
method and are presented for one temperature value.

There are unpublished data calculated by Ryans et al. by
using the semiclassical close-coupling approach of Reid &
Schwarz (1969). These data are now used in the CHIANTI
database (Young et al. 2003) and only these data have been fitted
to Eq. (3) in the present work.

In Figs. 16–18 we present: 1) the result of our fit of the
proton excitation rates; 2) the proton excitation rates calcu-
lated in Feldman et al. (1980); 3) the proton excitation rates
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Fig. 16. Collision rate coefficients for the transition 2s22p4 3P2−3P0 in
O-like Fe XIX: solid thick lines – Eq. (3) for protons, solid thin lines
– electrons (Butler & Zeippen 2001b), triangle – data of Feldman et al.
(1980), and squares – data of Ryans, Keenan, & Reid (unpublished).

Fig. 17. Collision rate coefficients for the transition 2s22p4 3P2−3P1 in
O-like Fe XIX: solid thick lines – Eq. (3) for protons, solid thin lines
– electrons (Butler & Zeippen 2001b), triangle – data of Feldman et al.
(1980), and squares – data of Ryans, Keenan, & Reid (unpublished).

calculated in Ryans, Keenan, & Reid (unpublished); and 4)
the electron excitation rate coefficients obtained by Butler &
Zeippen (2001b). It can be seen from Figs. 16 and 17 that proton-
ion collisions will strongly influence the population of the 3P0
and 3P1 levels at practically all reasonable values of temperature.
It is interesting that the electron rate coefficient for the 3P0−3P1
transition (not presented in Fig. 18) is higher than the proton
one by about two orders of magnitude. This means that collision
mixing of the 3P0 and 3P1 levels will occur only by electron-ion
collisions. The probabilities of radiative decay for the levels 3P0
and 3P1 are (Cheng et al. 1979): A(3P0−3P2) = 0.53 s−1, and
A(3P1−3P2) = 1.43 × 104 s−1. Because for temperatures about
107 K the electron collision rate coefficient for the 3P0−3P1 tran-
sition is about 2 × 10−9 cm3 s−1 (Butler & Zeippen 2001b), it
is possible to conclude that in a plasma with Ne 	 1013 cm−3

electrons will cause a Boltzmann equilibrium among the fine-
structure levels, and proton collision will not be important for
ion kinetics.

4.10. N-like Fe XX ion (2s22p3 4S3/2, 2D3/2,5/2, 2P1/2,3/2)

At present there is only one paper where Bhatia & Mason
(1980) have used the semiclassical first-order method of Bely
& Faucher (1970) to calculate proton impact excitation of

Fig. 18. Collision rate coefficient for the transition 2s22p4 3P0−3P1 in
O-like Fe XIX: solid thick lines – Eq. (3) for protons, and squares –
data of Ryans, Keenan, & Reid (unpublished).

Fig. 19. Collision rate coefficients for the transitions 2s22p3 4S3/2−2D3/2

(filled squares), 2s22p3 4S3/2−2D5/2 (opened squares),
2s22p3 4S3/2−2P1/2 (triangles), 2s22p3 4S3/2−2P3/2 (�) in N-like Fe
XX: solid thick lines – Eq. (3) for protons, solid thin lines – electrons
(Butler & Zeippen 2001a), triangles, filled squares, opened squares, �
– data of Bhatia & Mason (1980).

fine-structure transitions in Fe XX ions. We have fitted these
data to Eq. (3) and the results obtained are presented in Table 2.
In Figs. 19, 21 the temperature dependencies of the proton exci-
tation rates are shown together with the electron excitation rates
calculated by Butler & Zeippen (2001a). It can be seen that for
practically all transitions (except for 4S3/2−2P1/2,3/2) the pro-
ton rate coefficients are comparable or larger than the electron
ones at all reasonable temperatures. The density region where
proton collisions are important for the population kinetics of
the fine-structure levels can be estimated from Eq. (2) by us-
ing the radiative probabilities calculated in the paper of Bhatia
& Mason (1980). Because the total radiative decay probabili-
ties are A(2D3/2) = 1.56 × 104 s−1, A(2D5/2) = 1.68 × 103 s−1,
A(2P1/2) = 3.53×104 s−1, and A(2P3/2) = 8.05×104 s−1, we find
that it is necessary to take into account the proton collisions in
the kinetic calculations for a plasma with an electron density of
Ne � 1016 cm−3.

The CHIANTI database uses the data of Bhatia & Mason
(1980).

4.11. C-like Fe XXI ion (2s22p2 3P)

Several calculations, both semiclassical and quantal have been
performed for the ground configuration of the Fe XXI ion.

Page 9 of 13

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912392&pdf_id=16
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912392&pdf_id=17
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912392&pdf_id=18
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912392&pdf_id=19


A&A 511, A60 (2010)

Fig. 20. Collision rate coefficients for the transitions 2s22p3 2D3/2−2D5/2

(opened squares), 2s22p3 2D3/2−2P1/2 (filled squares),
2s22p3 2D3/2−2P3/2 (triangles) in N-like Fe XX: solid thick lines
– Eq. (3) for protons, solid thin lines – electrons (Butler &
Zeippen 2001a), opened squares, filled squares, triangles – data
of Bhatia & Mason (1980).

Fig. 21. Collision rate coefficients for the transitions 2s22p3 2D5/2−2P1/2

(opened squares), 2s22p3 2D5/2−2P3/2 (filled squares),
2s22p3 2P1/2−2P3/2 (triangles) in N-like Fe XX: solid thick lines
– Eq. (3) for protons, solid thin lines – electrons (Butler &
Zeippen 2001a), opened squares, filled squares, triangles – data
of Bhatia & Mason (1980).

Close-coupling semiclassical calculations have been done by
Ryans et al. (1999a,b). They consider the 3P0−3P1, 3P0−3P2 and
3P1−3P2 transitions among the fine-structure levels 2s22p2 3PJ
of carbon-like Fe XXI and have calculated the proton rates us-
ing the symmetrized close-coupling semi-classical approach in
which the interaction matrix elements were modified to give
them the correct short-range forms, and the effects of dipole cou-
pling to nearby terms were included by means of a polarization
potential. A set of excited terms was selected which are coupled
to the ground state by the E1 interaction. In the present case of
the 3P ground state, the terms that can contribute to the polariza-
tion have the symmetry 3S, 3P, or 3D. Therefore the calculations
in the paper of Ryans et al. (1999a) were made in two approxi-
mations: 1) when only the three excited terms 2s2p3 3D, 3P, and
3S were included in the calculation via the polarization poten-
tial and 2) when the terms 2s22p3s 3P and 2s22p3d 3D, 3P were
also included to test the convergence of the results. It has been
shown that for the Fe XXI ion and for protons as perturbers the
inclusion of the further excited terms had a small effect on the
cross sections. For Fe XXI as well as for other heavy ions the
polarization affects the cross sections significantly at all impact

Fig. 22. Collision rate coefficients for the transition 2s22p2 3P0−3P1 in
C-like Fe XXI: solid thick line – Eq. (3) for protons, solid thin line –
electrons (Butler & Zeippen 2000), triangles – data of Faucher (1977),
squares – data of Ryans et al. (1999b).

Fig. 23. Collision rate coefficients for the transition 2s22p2 3P0−3P2 in
C-like Fe XXI: solid thick line – Eq. (3) for protons, solid thin line –
electrons (Butler & Zeippen 2000), triangles – data of Faucher (1977),
squares – data of Ryans et al. (1999b).

energies. However, for the heavy ions the polarization potential
is dominated by the 2s2p3 terms, because the excitation ener-
gies of the 2s22p3l, 2s2p23l and higher configurations are much
higher than the excitation energies of 2s2p3. This means that the
representation of the polarization by the 2s2p3 terms is adequate
to calculate the 2s22p2 3PJ−3PJ′ transitions in the Fe XXI ions.
Note that additionally including 2p3l terms does not allow us to
increase the accuracy of the calculation, because in this case the
includion of some other configurations (for example, 2s2p23p)
is also needed. The results of the calculations of Ryans et al.
(1999b) where only the 2s2p3 configuration was taken into ac-
count for the polarization potential are shown in Figs. 22–24.
Note also that in the low energy tail of the cross sections, where
the close-coupling calculations are difficult, the first-order cross
sections modified to allow for polarization were used in the cal-
culations of the proton rate coefficients by Ryans et al. (1999b).
These rate coefficients were fitted to Eq. (3) and the results ob-
tained are presented in Table 2. Note that the CHIANTI database
uses the data of Ryans et al. (1999b).

Earlier Faucher (1977) have considered a proton-impact ex-
citation of C-like Fe XXI using a quantal formulation. For
Fe XXI the differences between the results of Faucher (1977)
and Ryans et al. (1999b) are significant, especially for the
3P0−3P1 transition (see Figs. 22–24). In Faucher’s calculations
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Fig. 24. Collision rate coefficients for the transition 2s22p2 3P1−3P2 in
C-like Fe XXI: solid thick line – Eq. (3) for protons, solid thin line –
electrons (Butler & Zeippen 2000), triangles – data of Faucher (1977),
squares – data of Ryans et al. (1999b).

the electrostatic interaction potential was approximated by its
long-range quadrupole part and no polarization effects were
taken into account. Ryans et al. (1999a) have made a special cal-
culation with the polarization omitted and with the same atomic
data as Faucher (1977). This calculation differs from Faucher
(1977) only in two respects: 1) in the collision treatment – semi-
classical versus quantal, and 2) in the interaction between matrix
elements – short-range modified forms versus purely asymptotic
forms. For the 3P0−3P2 and 3P1−3P2 transitions these results are
close to Faucher (1977) in the energy region of Ep < 3 KeV, and
for higher energies the progressive divergence in the two cal-
culations is due to the difference in the short-range part of the
interaction potential. For the 3P0−3P1 transition the discrepancy
is more pronounced because this strictly second-order process is
more sensitive to the short-range forms of the matrix elements
(Ryans et al. 1999a). Thus, in the calculations of Faucher (1977)
two important effects (the modification of the interaction poten-
tial at short distances and polarization) were not taken into ac-
count, and we recommend to use the data of Ryans et al. (1999b).

Comparisons of proton and electron excitation rates are also
shown in Figs. 22–24. It is clearly seen that only for the tran-
sition 3P0−3P1 proton collisions are insignificant, while for the
transitions 3P0−3P2 and 3P1−3P2 the proton rates dominate.
According to the paper of Cheng et al. (1979) the total prob-
abilities of the radiative decay of the 3P1 and 3P2 levels are:
A(3P1) = 6.52 × 103 s−1 and A(3P2) = 1.04 s−1. This means (see
Eq. (2)) that only in a plasma with Ne 	 1015 cm−3 electrons will
cause a Boltzmann equilibrium among the fine-structure levels
and the proton collision will be unimportant for ion kinetics.

4.12. B-like Fe XXII ion (2s22p 2P, 2s2p2 4P)

At present for B-like Fe XXII there are only the calculations
made by Foster et al. (1996, 1997a,b). In these papers cross
sections and excitation rate coefficients for the fine-structure
transitions within both the ground 2s22p 2P and the metastable
2s2p2 4P terms have been obtained by the same method as in
Foster et al. (1994). In the former case (Foster et al. 1996),
the 2s2p2 2S, 2P, and 2D terms were included, while in the
latter (Foster et al. 1997a,b), the 2p3 4So term was also included.
Additionally, in these calculations the interaction matrix ele-
ments were modified to give them the correct short-range forms.
The values of the magnitudes of the required matrix elements
have been derived from the best available oscillator strengths,

Fig. 25. Collision rate coefficients for the transition 2s22p 2P1/2−2P3/2

in B-like Fe XXII: solid thick line – Eq. (3) for protons, solid thin line
– electrons (Zhang & Pradhan 1997), and squares – data of Foster et al.
(1997b).

Fig. 26. Collision rate coefficients for the transition 2s2p2 4P1/2−4P5/2

(•), 2s2p2 4P3/2−4P5/2 (�), 2s2p2 4P1/2−4P3/2 (squares), in B-like Fe
XXII: solid thick line – Eq. (3) for protons, solid thin line – electrons
(Zhang & Pradhan 1997), •, �, squares – data of Foster et al. (1997b).

while the signs of the matrix elements were taken to be those
which would arise from LS-coupled hydrogenic orbitals. This
means that errors might arise if the ion departs too far from LS-
coupling. Therefore Foster et al. (1997b) estimated the accuracy
of their data for Fe XXII to be 30% in the high temperature re-
gion. We have fitted the data of Foster et al. (1997b) to Eq. (3)
and the values of the fitting parameters are presented in Table 2.
The CHIANTI database uses the data of Foster et al. (1997b).

In Figs. 25 and 26 the temperature dependencies of pro-
ton excitation rates are shown together with the data of Zhang
& Pradhan (1997) for the electron excitation rates. It is seen
that for the transitions 2s22p 2P1/2−2P3/2, 2s2p2 4P1/2−4P5/2 and
2s2p2 4P3/2−4P5/2 the proton collisions dominate at practically
all reasonable temperatures, and for the 2s2p2 4P1/2−4P3/2 tran-
sition the proton collisions are important at T > 107 K.

According to Cheng et al. (1979) the total probabilities of
a radiative decay of the levels considered are: A(2s22p 2P3/2) =
1.48×104 s−1, A(2s2p2 4P1/2) = 0.97×108 s−1, A(2s2p2 4P3/2) =
1.02× 107 s−1, and A(2s2p2 4P5/2) = 0.67× 108 s−1. This means
that proton collisions will be able to populate the 2s22p 2P3/2

level at plasma densities of Ne < 1016 cm−3 (see Eq. (1)), and
significantly influence the populations of the 2s2p2 4P1/2,3/2,5/2

levels at Np > 1016 cm−3 (see Eq. (2)). So in this case it is
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Fig. 27. Collision rate coefficients for the transition 2s2p 3P0−3P2 (tri-
angles), 2s2p 3P1−3P2 (opened squares), 2s2p 3P0−3P1 (filled squares)
in Be-like Fe XXIII: solid thick line – Eq. (3) for protons, solid thin line
– electrons (Chidichimo et al. 2005), and thick dashed lines – data of
Doyle (1987).

necessary to take the proton excitation processes into account
in both low and high density plasma.

4.13. Be-like Fe XXIII ion (2s2p 3P0,1,2)

The excitation of Fe XXIII levels from the ground state by pro-
ton impact is not important because the first excited configura-
tion lies too far from the ground configuration 2s2. However, the
first excited configuration contains the closely spaced metastable
levels 2s2p 3PJ, for which proton-induced transitions can be im-
portant. The are several papers concerned with the calculation of
the proton rates for these transitions.

Feldman et al. (1980) used a first-order semiclassical ap-
proach (see above) and presented the proton rate only at one
temperature value.

More sophisticated calculations based on the semiclassical
close-coupling method were carried out by Doyle (1987). The
calculations were split into two energy ranges: a low-energy and
an intermediate-energy range. For both energy ranges, the per-
turbing proton follows a classical Coulomb trajectory, but for
the first range the first-order theory was used and close-coupling
equations were solved only for the second region. Calculations
were carried out with different short-range forms of interaction
matrix elements, but no polarization effects have been taken into
account.

The importance of including the effects of higher-lying states
in the calculation of proton rates via a polarization potential tech-
nique was demonstrated by Foster et al. (1994) and Ryans et al.
(1999a,b) for the ground term fine-structure transitions in F-like
and B-like ions. Ryans et al. (1998) have extended this approach
to Be-like ions and calculated proton excitation cross sections
and rate coefficients for the transitions among the 1s22s2p 3P
fine-structure levels of Fe XXIII. The cross sections for the tran-
sitions 2s2p 3PJ−3PJ′ were calculated by the same symmetrized
close-coupled semiclassical treatment that we have described
above (F-like and B-like Fe ions): the interaction matrix ele-
ments are modified to have the correct short-range forms, and
the effects of dipole coupling to nearby terms are included by
means of a polarization potential. In the case of the Fe XIII ion
dipole coupling to the 2p2 3P, 2s3s 3S, and 2s3d 3D terms were
included in the polarization potential. Ryans et al. (1998) esti-
mated the accuracy of their data for Fe XXII to be 20%. We

have fitted the data of Ryans et al. (1998) to Eq. (3) and the val-
ues of fitting parameters are presented in Table 2. The CHIANTI
database uses the data of Ryans et al. (1998).

In Fig. 27 the temperature dependencies of the proton ex-
citation rates calculated in the papers of Feldman et al. (1980),
Doyle (1987), and Ryans et al. (1998) are shown together with
the data of Chidichimo et al. (2005) for electron excitation rates.
It is seen that proton collisions are very important for the transi-
tions 2s2p 3P0−3P2, 2s2p 3P1−3P2 at T > 107 K and are insignif-
icant for the transition 2s2p 3P0−3P1 at practically all reasonable
temperatures.

Among the components of the 2s2p 3P term, level 3P1 has the
largest probability of radiative decay: A(2s2p 3P1−2s2 1S0) =
4.91 × 107 s−1 (Cheng et al. 1979). This means that in plasma
with Ne > 1018 cm−3 the electron collisions alone can cause
a Boltzmann population distribution among the states of the
2s2p 3P term. In a lower density plasma it is necessary to take the
proton excitation processes into account in collisional-radiative
kinetic calculations.

5. Conclusions

In the present work the comparison of data obtained for proton-
induced excitation transitions in Fe X–Fe XXIII ions by different
theoretical methods is carried out. A simple analytical equation
with seven parameters is proposed; this allows us to describe the
proton temperature dependence of the proton rate coefficients in
a wide temperature range. The values of the free parameters have
been determined by fitting the equation with numerical data. The
recommended data are presented together with the fitting accura-
cies. A comparison of the proton collision rates with the electron
ones shows that the proton impact excitation processes may be
important for the Fe X, XI, XIII–XV, and XVII–XXIII ions. The
results obtained can be used for plasma kinetics calculations and
for the development of spectroscopic methods of astrophysical
plasma diagnostics.
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