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Abstract. Collision strengths for electron impact excita-
tion of SxVv are calculated in a close-coupling approach.
The nineteen lowest LS states are included in the calcu-
lation. Rate coefficients are obtained for transitions from
the ground 1s? 'Sy state to the fine-structure levels of all
excited states of 1s2¢ (¢ =0,1) and 1s3¢ (¢ = 0,1, 2) con-
figurations. The resulting effective collision strengths are
fitted to a polynomial function of log(7,/K), and rate co-
efficients are presented in the temperature range between
110K and 1 108 K.
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1. Introduction

The intensities of emission lines arising from transitions
in He-like ions are frequently used to determine the elec-
tron temperature and density of a plasma. The knowledge
of the electron impact excitation of the He-like ions is re-
quired to analyze such emissions.

The Bragg Crystal Spectrometer on board the
YOHKOH satellite (Culhane et al. 1991) detects soft
X-rays from SXV in the solar corona to provide infor-
mation of the coronal plasma. Sampson et al. (1983)
and Zhang & Sampson (1987) obtained cross sections for
excitation of SXV by electron impact in the Coulomb-
Born approximation with including the electron exchange
and resonance effects approximately. Keenan et al.
(1987) estimated the rate coefficients for SXv with an
interpolation of the rate coefficients for other He-like ions.
Nakazaki et al. (1993) calculated cross sections for the
excitation of SXV in a close-coupling approach using the
R-matrix method. In their calculation the nineteen lowest
LS states were included and the complicated resonance
structure in the energy range near the threshold was fully
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accounted for. They reported effective collision strengths
“Y” for the transitions from the ground 1s2 'S state to
all LS states of 1s2¢ (¢ = 0,1) and 1s3¢ (¢{ = 0,1,2)
configurations. However, the analysis of the satellite data
requires collision data between fine-structure levels.

In the present paper, the calculation with the R-matrix
method (Nakazaki et al. 1993) is repeated with parame-
ters changed a little to improve the result. The calculation
includes the same nineteen target terms as the previous
calculation by Nakazaki et al. (1993). From the results,
fine-structure cross sections are calculated with Saraph’s
(1978) program JAJOM, which transforms the LS coupled
reactance matrices to those for intermediate coupling with
the term-coupling coefficients. Finally effective collision
strengths 7 for the fine-structure levels are obtained from
the corresponding cross sections and fitted to a polynomial
function of log(7T,/K). They are compared with the previ-
ous works mentioned above. Recently, to analyze emission
spectra from laboratory plasmas and solar plasmas, Harra-
Murnion et al. (1996) used the effective collision strengths
of S Xv which were calculated by Norrington et al. (1998)
using the Dirac R-matrix method. The present results are
compared with those of relativistic calculations to confirm
the reliability of the former.

2. Theory
2.1. Target wavefunctions

The nineteen lowest LS states of the target ion, i.e. 1s? 1S,
1s2s 138, 1s2p 3P, 1s3s 138, 1s3p 3P, 1s3d 13D, 1s4s
L3S, 1s4p 3P, 1s4d 13D and 1s4f 13F, are included in
the expansion of the wavefunction in the R-matrix calcu-
lation. Each state is represented by a configuration inter-
action wavefunction. Ten basis orbitals 1s, 2s, 2p, 3s, 3p,
3d, 4s, 4p, 4d, 4f are used. The radial part of the orbital
is expressed in the Slater form

K
Pu(r) = CyrP exp(=&r).

j=1

(1)
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Table 1. Configurations mixed for each target symmetry

State Configurations
g 1s?, 1s2s, 1s3s, 1sds, 252, 2s3s, 2sds
33 1s2s, 1s3s, 1s4s, 2s3s, 2s4s
p 1s2p, 1s3p, 1sdp, 2s2p, 2s3p, 2sdp
3p 1s2p, 1s3p, 1sdp, 2s2p, 2s3p, 2sdp
'D 1s3d, 1s4d, 2s3d, 2s4d
*D 1s3d, 1s4d, 2s3d, 2s4d
g 1s4f, 2s4f
3F 1s4f, 2s4f

The coefficients C; and the parameters p; and §; for all the
orbitals are the same as those of Nakazaki et al. (1993).
The excitation energies were obtained from Hibbert’s
(1975) CIV3 program and have been already presented
by Nakazaki et al. (1993). The resulting energies are in
fair agreement with the experimental values determined
by Martin et al. (1990) and the oscillator strengths ob-
tained agree with those of other calculations (Lin et al.
1977; Drake 1979). Table 1 gives a list of the configura-
tions included in our calculation.

2.2. Collision calculations

The total wavefunction representing the electron-ion col-
lision system is expanded in a sphere with radius r, as
follows:

e =AY cijp®i(l, - N fngr,on 1) uy (rvgs)
i

J

where A is the anti-symmetrization operator, ®; the chan-
nel function representing the target state coupled with
the spin and angular functions for the scattered electron,
u;; the continuum basis orbitals for the scattered elec-
tron, and ¢; three-electron bound configurations formed
from the ten bound orbitals. The coefficients c;;; and d;i
are determined by diagonalizing the total Hamiltonian of
the whole system with the basis set expansion defined by
Eq. (2).

We use the computer code of Berrington et al. (1995)
to calculate the R-matrix on the boundary of the sphere
(ra=4.9 a.u.). We include 39 continuum orbitals for each
angular momentum [ to ensure convergence in the energy
range considered. The calculations are made for all the
partial waves with total angular momentum L = 0 up
to 14. In the outer region of the sphere, a set of close-
coupling equation is solved using the asymptotic code
STGFJJ of Seaton. STGFJJ computes reactance matri-
ces K by matching the solutions in the inner and the
outer regions at the boundary r = r,. The collision cal-
culation is carried out over the energy range from the
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152s 38 threshold to 480 Ryd. The LS coupled K-matrices
are transformed to those for intermediate coupling using
the code JAJOM (Saraph 1978), which yields collision
strengths between fine-structure levels. The term-coupling
coefficients are constructed from the unitary matrices
that diagonalize the non-relativistic Hamiltonian and the
Breit-Pauli Hamiltonian including the one-body mass-
correction, Darwin and spin-orbit terms. Contributions
from the partial waves higher than L =14 are taken into
account with an extrapolation.

2.83. Calculation of rate coefficients

Rate coefficients for a transition from level ¢ to level f are
defined as

Cli > £y = 3629 10°°

(i —f) PV
where ¢; is the statistical weight of the initial level
i, AE;; the respective transition energy, 7. the electron
temperature, and k Boltzmann’s constant. Assuming a
Maxwellian electron velocity distribution, the effective
collision strength 7'(i — f) is defined as

T(i— ) = / ¥ Q0 exp(—sr /KT /KT),  (4)

where €¢ is the energy of the electron after the collision,
and §2(7, f) is the collision strength. It should be noted
that 7" is symmetric over the transition ¢ — f and f — 1.
To obtain the rate coefficient at high temperature, we fit
the present collision strengths in the non-resonance region
to either of the following two analytic functions

Q6,f)=A+B/X+C/X*+D/X?+EnX,

and

exp(—AE; s /kT)Y (i — f) cm®s™,(3)

(5)

4
Q0. f) = Fo/X* + ) Fjexp(—jaX),

j=1
where X = k2?/(AE;s), where k? is the incident energy
in Ryd and AE;; is given in Ryd. For a dipole-allowed
transition, the first one (5) is used with D = 0 and
E = 4¢,fiy/AE;;, where fi;r is the oscillator strength
for i — f. The form (5) with E = 0 is used for op-
tically forbidden cases, unless the spin changes. For the
spin-forbidden cases, the second one (6) is employed. The
parameters A, B, C, D, Fj (j = 0 —4) and « are de-
termined by the least square method. Thus the effective
collision strength is evaluated with the collision strengths
calculated in the resonance region and those fitted above
that.

(6)

3. Results and discussion

Effective collision strengths are calculated for transitions
from the ground 1s? 1Sy state to all fine-structure levels of
the excited states of 1s2¢ (¢ = 0,1) and 1s3¢ (¢ = 0,1,2)
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Fig. 1. Effective collision strengths of the 1s? 1Sy — 1s2p°Py
excitation for SXVv as a function of temperature (in K).
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(1987)
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Fig. 2. Effective collision strengths of the 1s® 'Sy — 1s2p®P;
excitation for SXVv as a function of temperature (in K).
—— present, - - - - Keenan et al. (1987), O Zhang & Sampson
(1987)

configurations. They are obtained for a temperature range
T, = (1105—1 10®) K. This is the range of the largest frac-
tional abundance of S XV, if they are in ionization equilib-
rium (Arnaud & Rothenflug 1985). The resulting effective
collision strengths are analytically fitted to the form

5
Y(i— f) =) a;(log(Te/K)y . (7)
j=1

The fitting coefficients a; are presented in Table 2.
Equation (7) with these coefficients reproduces the
present effective collision strengths within 2%. It should
be noted here that fitting is valid only in the temperature
range 6.0 < log(7./K) <8.0.

As mentioned in the Introduction two groups (Zhang
& Sampson 1987; Keenan et al. 1987) reported effec-
tive collision strengths for Sxv. A comparison is made
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Fig. 3. Effective collision strengths of the 1s? 'Sy — 1s2p°Ps
excitation for SXv as a function of temperature (in K).
—— present, - - - - Keenan et al. (1987), O Zhang & Sampson
(1987), x Norrington et al. (1998)
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Fig. 4. Effective collision strengths of the 1s? 'Sy — 1s3p®Pg
excitation for Sxv as a function of temperature (in K).
—— present, - - - - Keenan et al. (1987)
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Fig.5. Effective collision strengths of the 1s® 'Sy — 1s3p°P
excitation for SXv as a function of temperature (in K).
— present, - - - - Keenan et al. (1987)
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Table 2. The coefficients a; for representing effective collision strengths in the Eq. (7)

Transition ai a2 as aq as
1s? 1Sy —
1s2s 3S;  —3.33705—1 1.77776—1  —3.48207—2 2.98916—3 —9.52407—-5
1s2p 3Py 6.97347—3  —9.42094-—3 3.26111-3  —4.23881—4 1.87625—5
1s2p 3Py —3.87011—2 7.51109—3 1.76968—3 —4.77642—4 2.69621—5
1s2p 3P, 2.91278—2 —4.37873—2 1.55922—2  —2.05178—-3 9.14270-5
1s2s 'Sy —3.31623—1 1.89505—1 —4.01002—2 3.74264—3 —1.29723—4
1s2p 'P; —1.11639+0 6.09708—1 —1.20523—1 1.00895—2 —2.90431—4
1s3s 3S; —1.66879—2 8.61416—3 —1.58238—3 1.24605—4  —3.58347—6
1s3s 'Sg —5.67084—2 3.35671—-2  —7.34784—3 7.08562—4  —2.53421-5
1s3p 3Po 4.42035—-3 —3.30288-3 8.97563—4  —1.02955—4 4.22531—6
1s3p 3Py 8.05612—3 —6.66147—3 1.93747—-3 < —2.31257—4 9.70766—6
1s3p 3Py 2.25231—-2 —1.67952—2 4.55738—3 —5.22231—4 2.14181-5
1s3d ®°D;  —8.23698—3 4.64345—3  —9.46943—4 8.38753—5  —2.74378—6
1s3d 3Dy —2.18444—2 1.25583—2  —2.64003—3 2.42410—4  —8.23008—6
1s3d ®Ds  —1.90254—2 1.07170—2 —2.18296—3 1.93064—4 —6.30414—6
1s3d 'Dy  —5.63991—2 3.32276—2  —7.23355—3 6.91053—4  —2.44324—5
1s3p 'P; —2.14083—1 1.20097—1  —2.44723-2 2.12954—3 —6.50267—5
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Fig. 6. Effective collision strengths of the 1s® 'Sy — 1s3p®Ps
excitation for Sxv as a function of temperature (in K).
—— present, - - - - Keenan et al. (1987)

between the present result and the previous data. Figures
1 — 6 show the comparison for the excitation of the levels
1s2p 3Py and 1s3p 3P; with J = 0, 1,2. For other tran-
sitions the comparison is essentially the same as shown
in the previous paper (Nakazaki et al. 1993) and not re-
peated here. From the figures, it is found that the values of
Zhang & Sampson (1987) are in good agreement with the
present ones. Zhang & Sampson (1987), however, reported
their result only for the excitation to n = 2 levels. The
result of Keenan et al. (1987) agrees with that of the
present calculation for all the transitions but the exci-
tations to 183s 1Sy and 1s3p P (J = 0,1,2) levels. The
difference in the latter transitions may be ascribed to an
inadequate number of states included in the R-matrix cal-
culation which they used for their interpolation. All the

R-matrix calculations include 11 lowest LS states, while
the present calculation takes into account 19 LS states.
Note that Keenan et al. (1987) reported no result for the
excitation of the levels of 1s3d configuration.

In Fig. 3, we show a typical comparison between the
present results and those of Dirac R-matrix calculation by
Norrington et al. (1998). Figure 3 shows that the present
result agrees very well with the fully-relativistic calcula-
tion except in the region of low temperature. Comparisons
for other transitions (not shown here) have the same con-
clusion. This confirms the validity of the present method of
the calculation of fine-structure transitions. In the region
of low temperature, a small difference is seen between the
two results. This may be ascribed to the difference in the
resonance structure in the two sets of collision strength.
Norrington et al. (1998) took account of only the states
up to n = 3. The present calculation includes the states
with n = 4. As for the resonance structure, therefore, the
present calculation should be more accurate.

In conclusion the present paper presents the rate
coefficients for excitation from the ground 1s? 'Sy state
to all the fine-structure levels of 1s2¢ (¢ = 0,1) and
183¢ (¢ = 0,1,2) configurations of S xv. In this sense the
present calculation gives the most comprehensive data on
the rate coefficients for the electron impact excitation of
S xv. The result may be of significance in application, e. g.
to high temperature plasma in astronomy or laboratory.

References

Arnaud M., Rothenflug R., 1985, A&AS 60, 425

Berrington K.A., Eissner W.B., Norrington P.H.,
Comput. Phys. Commun. 92, 290

Culhane J.L., Hiei E., Doschek G.A., et al., 1991, Sol. Phys.
136, 89

1995,



E. Kimura et al.: Rate coefficients for electron impact excitation of S Xv 171

Drake G.W.F., 1979, Phys. Rev. A 19, 1387 Ref. Data 19, 821

Harra-Murnion L.K., Phillips K.J.H., Lemen J.R., et al., 1996, Nakazaki S., Sakimoto K., Itikawa Y., 1993, Phys. Scr. 47, 359
A&A 306, 670 Norrington P.H., Boone A.W., Kingston A.E., 1998, Queen’s

Hibbert A., 1975, Comput. Phys. Commun. 9, 141 University (private Communication)

Keenan F.P.;, McCann S.M., Kingston A.E., 1987, Phys. Scr. Sampson D.H., Goett S.J., Clark R.E.H., 1983, Atom. Data
35, 432 Nucl. Data Tab. 29, 467

Lin C.D., Johnson W.R., Dalgarno A., 1977, Phys. Rev. A 15, Saraph H.E., 1978, Comput. Phys. Commun. 15, 247
154 Zhang H., Sampson D.H., 1987, ApJS 63, 487

Martin W.C., Zalubas R., Musgrove A., 1990, J. Phys. Chem.



