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ABSTRACT

Aims. In this paper we report calculations for energy levels, radiative rates, and electron impact excitation rates for transitions in O VII.
Methods. The GRASP (general-purpose relativistic atomic structure package) is adopted for calculating energy levels and radiative
rates. For determining the collision strengths and subsequently the excitation rates, the Dirac atomic R-matrix code (DARC) and the

flexible atomic code (FAC) are used.

Results. Oscillator strengths, radiative rates, and line strengths are reported for all E1, E2, M1, and M2 transitions among the lowest
49 levels of O VII. Collision strengths have been averaged over a Maxwellian velocity distribution, and the resulting effective collision
strengths are reported over a wide temperature range below 2 x 10® K. Additionally, lifetimes are also listed for all levels.

Key words. atomic data — atomic processes

1. Introduction

Emission lines of He-like O VII have been widely observed in
a variety of astrophysical and laboratory plasmas. For example,
lines in the X-ray region (1-50 A) have been detected in solar
flares by McKenzie et al. (1980) and Phillips et al. (1999), as
listed by Dere et al. (2001). Similarly, Winkler et al. (1981) have
observed some lines in the X-ray region from supernova rem-
nants. Of particular interest are the resonance (w:1s> 'So—1s2p
lP‘l’), intercombination (x and y: 1s*> 'So—1s2p 3P;’1), and forbid-
den (z: 1s* 'So—1s2s 3S) lines, which are highly useful for solar
plasma diagnostics — see, for example, Gabriel & Jordan (1969)
and Acton et al. (1972). Keenan et al. (1985) have also shown
that the 1s> 'S—2snp 'P (n = 2—4) emission lines of O VII provide
electron temperature estimates for the solar corona. Similarly,
emission lines of O VII have been detected in the 15-140 A re-
gion by Isler et al. (1993), using spectra recorded at the ISX-A
tokamak at Oak Ridge National Laboratory (ORNL), and by
Baker (1993) in a theta-pinch plasma in the 16002500 A wave-
length range. However, to reliably analyse observations, atomic
data are required for many parameters, such as: energy levels,
radiative rates (A-values), and excitation rates or equivalently
the effective collision strengths ('), which are obtained from the
electron impact collision strengths (€2). Since experimental val-
ues are not available for the desired atomic parameters, except
for energy levels, theoretical results are required.

Due to the wide variety of O VII observations and the di-
agnostic potential of lines from this ion, several calculations of
atomic data are available in the literature. However, the most
recent and comprehensive are by Delahaye & Pradhan (2002),

* Tables 2 and 6 are only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/489/1377

who adopted the SuperStructure (SS) program of Eissner et al.
(1974) for the generation of wavefunctions, and the Breit-Pauli
R-matrix program of Berrington et al. (1995) for the computation
of collision strengths (€2) and subsequently effective collision
strengths (T). They calculated values of Q over a wide energy
range below 200 Ryd, resolved resonances in the threshold re-
gion, and determined values of I’ over a wide temperature range
of 10*-107 K. Furthermore, they included one-body relativistic
operators in the generation of wavefunctions as well as in the
scattering process. Therefore, their results should be the most
accurate available today. However, their calculations are con-
fined to the n < 4 levels alone, whereas transitions involving the
n = 5 levels have been observed (Dere et al. 2001). Furthermore,
Delahaye & Pradhan presented only representative results for a
few transitions, although their results for Y are available elec-
tronically on the TIPbase (http://vizier.u-strasbg.fr/
tipbase/home.html). Therefore, our aim is to extend the cal-
culations of Delahaye & Pradhan by also including the n = 5 lev-
els, and to report a complete set of results (namely energy
levels, radiative rates, and effective collision strengths) for all
transitions among the lowest 49 levels of O VII. Finally, we also
report the A-values for four types of transitions, namely electric
dipole (E1), electric quadrupole (E2), magnetic dipole (M1), and
magnetic quadrupole (M2), because these are also required for
plasma modelling.

Furthermore, our approach is fully relativistic, as for the de-
termination of wavefunctions we have employed the general-
purpose relativistic atomic structure package (GRASP), orig-
inally developed by Grant et al. (1980) and revised by
Dr. Norrington. It is a fully relativistic code, based on the
Jjj coupling scheme. Further relativistic corrections arising from
the Breit interaction and QED effects have also been included.
Additionally, we have used the option of extended average level
(EAL), in which a weighted (proportional to 2 j+1) trace of the
Hamiltonian matrix is minimized. This produces a compromise
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Table 1. Energy levels (in Ryd) of O VII.
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Index Configuration/Level NIST GRASP1 GRASP2 FAC1 FAC2 SS MBPT
112 'Sy 0.00000 0.00000 0.00000 0.00000 0.00000 0.0000 0.00000
2 1s2s 38, 41.23155 41.05246  41.03508 41.14868 41.14842 41.2438  41.23949
3 1s2p P 41.78724  41.61135  41.59725 41.73910 41.73896  41.7933  41.79607
4 1s2p P 41.78779  41.61434  41.59775 41.73960 41.73946 41.7942  41.79660
5 1s2p P 41.79280 41.62044  41.60273  41.74439 41.74425 41.7997 41.80161
6 1s2s IS 41.81240  41.66296  41.64791  41.77554 41.77529 41.8074  41.81546
7 1s2p P} 42.18438  42.01968 42.00142 42.17212 42.17198 42.2100 42.18790
8 1s3s  3S; 48.65091  48.46935 48.45154 48.58117 48.58100 48.6577  48.66068
9 1s3p °P; 48.80446  48.62106 48.60415 48.73673  48.73664 48.8114  48.81207

10 1s3p P 48.80446  48.62193  48.60435 48.73697 48.73688 48.8116  48.81227
11 1s3p 3P 48.80446  48.62371 48.60583  48.73844  48.73835 48.8132  48.81376
12 1s3s 1S 48.81129  48.63498 48.61790 48.74376  48.74357 48.8217  48.81306
13 1s3d °D, 48.88374  48.70037 48.68262  48.80681 48.80681 48.8930  48.89282
14 1s3d 3D, 48.88428  48.70065 48.68270 48.80689  48.80689  48.8931  48.89289
15 1s3d  °*Ds 48.88437 48.70116  48.68315 48.80732  48.80732  48.8935  48.89335
16 1s3d 'D, 48.89376  48.70506 48.68714  48.81229  48.81229 48.8971  48.89682
17 1s3p 'P; 48.92183  48.73674 48.71873  48.85493  48.85482 48.9281 48.92119
18 1sd4s 3§, 51.17986  50.98944  50.97156  51.09360  51.09344  51.1813  51.18171
19 lsdp 3P 51.23690  51.05146  51.03394  51.14996  51.14988  51.2436  51.24367
20 Isd4p P 51.23690 51.05183  51.03404 51.15008 51.15000 51.2437  51.24377
21 1s4p P 51.23690  51.05258  51.03466  51.15072  51.15063  51.2444  51.24440
22 1sds IS 51.24146  51.05811 51.04055 51.15922 51.15902 51.2475 51.24341
23 1s4d 3D, 51.26752  51.08411 51.06626  51.19366  51.19366 51.2767 51.27697
24 1s4d 3D, 51.26788  51.08424  51.06630 51.19370 51.19370 51.2767 51.27700
25 1s4d  Ds 51.27244  51.08445 51.06648  51.19385 51.19385 51.2769  51.27719
26 Is4f  OF 51.08597  51.06807 51.18727 51.18727 51.2786  51.27905
27 1s4f  CF 51.08598  51.06802 51.18723  51.18723  51.2785 51.27900
28 ls4f  OF; 51.26980  51.08614  51.06818  51.18739  51.18739  51.2787

29 1s4f  'F 51.27554  51.08615 51.06824 51.18746 51.18746  51.2787 51.27922
30 Is4d  'D, 51.27399  51.08662  51.06869  51.19656  51.19656  51.2790  51.27909
31 1s4p P} 51.28702  51.09990 51.08194  51.19849  51.19838 51.2916  51.28866
32 1s5s  3S, 5233051 52.13981  52.12190 5224041  52.24020 52.33229
33 Is5p P 5235630 52.17106  52.15333 5226805 52.26793 52.36350
34 1s5p Py 5235630 52.17125 52.15339 5226811  52.26799 52.36359
35 1s5p °P3 5235630 52.17163  52.15371 52.26844  52.26831 52.36398
36 1s5s IS 52.17550  52.15778 52.27342  52.27311 52.36325
37 1s5d 3D, 5237416  52.18755 52.16965  52.29583  52.29583 52.38054
38 1s5d 3D, 52.37435 52.18761  52.16968  52.29585  52.29585 52.38056
39 1s5d  °D; 5237617  52.18772  52.16977  52.29593  52.29593 52.38065
40 1s5f  °F; 52.18858  52.17066  52.28959  52.28959 52.38168
41  1s5f °F 52.18858  52.17064  52.28958  52.28958 52.38166
42 1s5f  OF; 52.37234  52.18866  52.17072  52.28965  52.28965

43 1s5f  'F3 5237799  52.18867  52.17075 52.28969  52.28969 52.38177
44 1s5g  3Gs 52.18867  52.17075 52.28956  52.28956 52.38182
45  1s5g 3Gy 52.18867  52.17073  52.28955  52.28955

46 1s5g  3Gs 52.18872  52.17078  52.28960  52.28960

47  1s5g Gy 52.18872  52.17080  52.28962  52.28962

48 1s5d  'D, 5238173  52.18895 52.17102  52.29745  52.29745 52.38173
49 1s5p  'P} 5238373  52.19614  52.17819  52.29262  52.29246 52.38634

NIST: http://physics.nist.gov/PhysRefData. GRASPI: energies from the GRASP code with 49 level calculations without Breit and QED
effects. GRASP2: energies from the GRASP code with 49 level calculations with Breit and QED effects. FAC1: energies from the FAC code with
49 level calculations. FAC2: energies from the FAC code with 71 level calculations. SS: energies of Delahaye & Pradhan (2002) from the SS code.

MBPT: energies of Savukov et al. (2003) from the MBPT code.

set of orbitals describing closely lying states with moderate ac-
curacy. Similarly, for our calculations of Q, we have adopted
the Dirac atomic R-matrix code (DARC) of Norrington & Grant
(private communication). Finally, in order to assess the accu-
racy of our results, we have performed parallel calculations from
the Flexible Atomic Code (FAC) of Gu (2003), available from
the website http://kipac-tree.stanford.edu/fac. This
is also a fully relativistic code which provides a variety of atomic
parameters, and yields results comparable to GRASP and DARC.

Thus, results from FAC will be helpful in assessing the accuracy
of our energy levels, radiative rates, and collision strengths.

2. Energy levels

The 1s2, 1s2¢, 1s3¢, 1s4¢, and 1s5¢ configurations of O VII give
rise to the lowest 49 levels listed in Table 1, where we com-
pare our level energies from GRASP, obtained without and with
the inclusion of Breit and QED effects, with the experimental
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values compiled by NIST (National Institute of Standards and
Technology), and available at their website http://physics.
nist.gov/PhysRefData. Our level energies obtained without
Breit and QED effects (GRASP1) are consistently lower than the
experimental values by ~0.2 Ryd, but are in agreement within
0.5%. However, the orderings are slightly different from those
of NIST in a few instances, such as for levels 16, 30, and 42.
The inclusion of Breit and QED effects (slightly) lowers the
level energies by ~0.02 Ryd (GRASP2), and hence compara-
tively increases the difference with the experimental values, but
the agreement remains within 0.5%. Furthermore, the orderings
have slightly altered in three instances, namely for levels 26/27,
40/41, and 43/45. However, the energy differences for these
“swapping” levels are very small. Our level energies obtained
from the FAC code (FAC1), including the same CI (configuration
interaction) as in GRASPI, are consistently higher by ~0.1 Ryd
and hence are comparatively in better agreement with the NIST
listings. The level orderings from FAC]1 are also in agreement
with our calculations from GRASP, except for the 1s5d 'D,
and 1s5p IP‘{ levels (48 and 49). For these, our orderings from
GRASP are in agreement with the experimental values. Other
minor differences in level orderings from FACI are for the lev-
els of the 1s5f and 1s5g configurations. A further inclusion of
1s6¢ configurations, as in the FAC2 calculations, makes no dif-
ference either in magnitude or orderings, mainly because levels
of the 1s6¢ configurations lie above the lowest 49 levels listed in
Table 1, and hence do not interact with these.

Other energy levels listed in Table 1 are from the SS calcula-
tions of Delahaye & Pradhan (2002) and those of Savukov et al.
(2003) from relativistic many-body perturbation theory (MBPT).
The energy levels of Delahaye & Pradhan are in better agree-
ment with the experimental values, but are available only for the
lowest 31 levels. Additionally, if we have a closer look at the en-
ergies of 1s2p 3P8’1,2, the level splittings of Delahaye & Pradhan
differ considerably with the experimental and other theoretical
results. Similarly, the energy levels of Savukov et al. are avail-
able for all the J < 3 levels, and are in better agreement with
the experimental results, but only in magnitude. Their level or-
derings are different with our calculations and the NIST listings
in many instances, such as for levels: 12, 22, 30, and particu-
larly for level 48 (1s5d 'D,). Since most of the energy levels
within any n complex are very close to one another, different
calculations provide slightly different orderings. To conclude,
we may state that overall there is no discrepancy between the-
ory and experiment for the energy levels of O VII. However, ex-
perimental energies are not available for all the levels listed in
Table 1, and the 1s3p 3P8 12 1s4p 3P8 12 and Is5p 3P8 12 levels
are non-degenerate in ene}éy. For such rion-degenerate and miss-
ing levels, we recommend that our energy levels either from the
GRASP2 or FACI calculations should be adopted in any plasma
modelling applications. For the remaining levels, the experimen-
tally compiled listings of the NIST should be preferred.

3. Radiative rates

The absorption oscillator strength (f;;) and radiative rate A j;
(in s7!) for a transition i — j are related by the following ex-
pression:

mc

_ 2Wj, 16 )2
ﬁj = 871'262/lﬁJAji =149x10 /lﬁ(wj/a)i)Aﬁ (1)

where m and e are the electron mass and charge, respectively,
¢ is the velocity of light, 4j; is the transition energy/wavelength
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in A, and w; and w; are the statistical weights of the lower (i) and
upper (j) levels, respectively. Similarly, the oscillator strength
fij (dimensionless) and the line strength S (in atomic unit) are
related by the standard equations listed below.

For the electric dipole (E1) transitions

2.0261 x 10'8 303.75
ji= ——=—S" and f;= SEY (2)
(L)j/lji /lﬁwi
for the magnetic dipole (M1) transitions
2.6974 x 1013 4.044 x 1073
Aji = —XSM1 and fj= —————SM_(3)
‘ w; a5, ‘ Ajiw;
for the electric quadrupole (E2) transitions
1.1199 x 10'8 167.89
A= =X GE and fy = B2, @)
w j/lji /ljl.wi
and for the magnetic quadrupole (M2) transitions
1.4910 x 10" 2236 x 1073
ji=—————8™ and f;;= ——————SM (5)

/130.),
Ji

wj/l;i
In Table 2 we present transition energies/wavelengths (1, in A),
radiative rates (A j;, in s71) , oscillator strengths (f;;, dimension-
less), and line strengths (S, in au), in length form only, for all 336
electric dipole (E1) transitions among the 49 levels of O VII.
The indices used to represent the lower and upper levels of a
transition have already been defined in Table 1. Similarly, there
are 391 electric quadrupole (E2), 316 magnetic dipole (M1), and
410 magnetic quadrupole (M2) transitions among the 49 lev-
els. However, for these transitions only the A-values are listed
in Table 2, and the corresponding results for f- or §-values can
be easily obtained using Egs. (1)—(5).

In Table 3 we compare our radiative rates (A-values), both
from GRASP and FAC, with those of Delahaye & Pradhan (2002)
from the SS code, Savukov et al. (2003) from MBPT, and of
those listed on the NIST website, for the common E1 transi-
tions. Generally, all sets of A-values agree within 10%, although
for some weak transitions, such as: 2-5, 67, and 12-17, dif-
ferences are up to 20%, and for the 16-17 (1s3d 'D,~1s3p 'P;,
f = 0.0085) transition, the discrepancy is up to a factor of two.
For this transition our A-value is the highest whereas those of
Savukov et al. is the lowest. This is because weak transitions are
very sensitive to mixing coefficients, and hence differing amount
of CI (and methods) produce different A-values, as discussed in
detail by Hibbert (2000). However, we would like to empha-
size here that although A-values for weak transitions are also
required in modelling applications, their contribution is usually
not very important in comparison to stronger transitions with
f=0.01.

One of the general criteria to assess the accuracy of radiative
rates is to compare the length and velocity forms of the f- or
A-values. However, such comparisons are only desirable, and are
not a fully sufficient test to assess accuracy, as different calcula-
tions (or combinations of configurations) may give comparable
f-values in the two forms, but entirely different results in mag-
nitude. Generally, there is a good agreement between the length
and velocity forms of the f-values for strong transitions, but dif-
ferences between the two forms can sometimes be substantial
even for some very strong transitions, as demonstrated through
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Table 3. Comparison of A-values (in s™!) for some transitions of O VIL. a + b = a x 10**.

i J NIST GRASP FAC SS MBPT
1 7 3309+12 34949 +12 3.408+12 3.403+12 3.302+12
1 17 9365+11 1.1027+12 9958+ 11 1.004+12 9345+11
2 3 7.7797+07 83043+07 9.537+07 8.058+07 7.940 + 07
2 4 7.820+07 83276+07 9.562+07 8.083+07 7.964+07
2 5 8.033+07 85585+07 9.807+07 8309+07 8.188+07
3 8 2505+09 24036+09 2311+09 2237+09 2.519+09
3 13 8982+10 89564+ 10 8814+10 8927+10 8.969+ 10
4 8 7512+09 7.1885+09 6912+09 6.739+09 7.538 +09
4 13 6.735+10 6.7164+10 6.610+10 6.699+10 6.726 + 10
4 14 1213+11 11973+ 11 1183+ 11 1205+ 11 1.196+ 11
5 8§ 1249+10 1.2021+10 1.156+10 1.131+10 1.261+10
5 13 4481+09 44734+09 4.402+09 4.466+09 4.480+09
5 14 4.033+10 39761+10 3930+10 4.012+10 3.969 + 10
5 15 1.613+11 1.6109+11 1586+11 1.608+11 1.613+11
6 7 2514+07 2.1567 + 07 2.509 +07 2548 + 07
6 17 5.055+10 52792+10 5.121+10 5209+10 5.039+10
7 12 2.008+10 2.2082+10 2077+10 2223+10 2.014+10
7 16 1.523+11 1.5139+11 1.487+11 1540+11 1503+ 11
9 13 6.114+05 5.9952+05 6.200+05 6.523+05
10 13 4.585+05 4.4635+ 05 4.649 +05 4.857 +05
10 14 8426405 7.9793+05 8.535+05 8.656+05
11 13 3.057+04 2.8024 + 04 3.099+04 3.054 + 04
11 14 2809+05 2.5043 +05 2.841+05 2.719+05
11 15 1.127+06 1.0327 + 06 1.143 +06  1.125 + 06
12 17 3.864+06 3.0023 + 06 3.958+06 3.739+06
16 17 7.410+04 1.1423 + 05 8.082+04 5.238 +08

NIST: http://physics.nist.gov/PhysRefData. GRASP: present 49 level calculations from the GRASP code. FAC: present 49 level calcula-
tions from the FAC code. SS: calculations of Delahaye & Pradhan (2002) from the SS code. MBPT: calculations of Savukov et al. (2003) from the

MBPT code.

various examples by Aggarwal et al. (2007). Nevertheless, for
almost all of the strong transitions (f > 0.01) the two forms
agree to within 20%, but differences for 11 (<4%) transitions
are higher by up to a factor of two. Additionally, for two tran-
sitions (6-7: f = 0.064 and 48-49: f = 0.023), the two forms
differ by factors of 3 and 6, respectively. However, for both of
these transition energies (AE) are very small, and a slight vari-
ation in AFE affects the A-values considerably. Therefore, on the
basis of these comparisons and discussion we may state that for
a majority of the strong E1 transitions, our radiative rates are ac-
curate to better than 20%. However, for the weaker transitions
this assessment of accuracy does not apply.

4, Lifetimes

The lifetime 7 for a level j is defined as follows:
1
Z,‘Aji

Since this is a measurable parameter, it provides a check on
the accuracy of the calculations. Therefore, in Table 4 we have
listed our calculated lifetimes, which include the contributions
from four types of transitions, i.e. E1, E2, M1, and M2. Also in-
cluded in this table are the theoretical results of Savukov et al.
(2003) from MBPT and some early measurements by Tribert
et al. (1977) from beam-foil spectra.

In general, agreement between our present and earlier
(Savukov et al. 2003) theoretical lifetimes is better than 20%
for most of the levels, but the differences are larger for a few lev-
els, such as 6, 36, and 49. Since for level 6 (1s2s 'Sy) both the
magnitude of the lifetime as well as the discrepancy is the high-
est (over an order of magnitude), we focus on this level alone.

(6)

7j

The maximum contribution for this level comes from the 4-6
E1 transition, for which our A-value is 25.69 s~!, whereas that
of Savukov et al. is 1.435 s~!. However, the 4-6 transition is
very weak (f = 4.24 x 1077), and hence accuracy estimates are
always insecure (Hibbert 2000). Nevertheless, our above f-value
from GRASP compares reasonably well (within a factor of two)
with the corresponding FAC calculations, but the corresponding
difference in the A-values is a factor of three. This is because
the A- and f-values have a AE? (or equivalently /li.) dependence
as seen already in Eq. (1), and therefore any difference in AE
has a larger effect on the A- value. The experimental value of
AE for the 4-6 transition is 0.02461 Ryd, and the correspond-
ing values from GRASP, FAC, and MBPT are 0.0502, 0.03594, and
0.01886 Ryd, respectively. Therefore, an approximate “correc-
tion” to the A-values can be applied (Hibbert 1996) by mul-
tiplying these by the (AEeyp/AEw.)* factor. Following this, the
A-values from GRASP, FAC, and MBPT are 6.174 s7!, 3.671 s7!,
and 2.443 s7!, or the 7 values are 0.162 s, 0.272 s, and 0.409 s,
respectively. As a result, the discrepancy for the 7 values among
three independent calculations is now within a factor of 2.5. A
measurement of a lifetime for the 1s2s 'Sy level will be helpful
to resolve the discrepancy.

For the levels for which experimental values of 7 are avail-
able, the agreement is within the limits of uncertainty, except for
level 8 (1s3s 3S,) for which the discrepancy is ~40%. Overall we
may state that there is good agreement between the theoretical
and experimental lifetimes for a majority of the levels.

5. Collision strengths

For the computation of collision strengths Q, we have employed
the Dirac atomic R-matrix code (DARC), which includes the
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Table 4. Comparison of theoretical and experimental lifetimes (7 in s) for the levels of O VII. a—b = a x 107,

Level Configuration/Level GRASP MBPT  Experimental
2 1s2s 3§, 1.061-03  9.535-04
3 1s2p 3P8 1.204-08 1.259-08
4 1s2p 3P‘l’ 1.598-09  1.625-09
5 1s2p 3P§ 1.164-08 1.216-08
6 1s2s 'S, 3.890-02 6.885-01
7 1s2p 1P‘l’ 2.861-13  3.029-13
8 1s3s 3§, 4.627-11 4.412-11 (6.5+0.6) —11
9 1s3p 3P8 1.924-11 1.879-11 (1.92+0.2)-11
10 1s3p 3P‘l’ 1.918-11 1.874-11 (1.92 +0.2)-11
11 1s3p 3P§ 1.928—-11 1.883-11 (1.92 +0.2)-11
12 1s3s IS, 4.528-11 4.965-11
13 1s3d 3D, 6.203-12  6.194-12 (7.0+£2.0) -12
14 1s3d °D, 6.207-12  6.199-12 (7.0 +£2.0) -12
15 1s3d 3Ds 6.207-12  6.198-12 (7.0+2.0) -12
16 1s3d 'D, 6.528—12  6.555-12 (8.0x1.5)-12
17 1s3p 1P‘l’ 8.654—13 1.015-12
18 1sd4s 3§, 7.303-11 6.611-11
19 1sdp 3P8 3.322—-11  3.163—-11 (3.12+£0.2)-11
20 1sdp 3P‘l’ 3.313—-11  3.156-11 (3.12+£0.2)-11
21 1sdp 3P§ 3.329-11 3.168-11 (3.12+0.2)-11
22 1s4s 'S, 5.692—11 7.286-11
23 1s4d 3D, 1.441-11  1.431-11 (1.6 £0.15)—11
24  1s4d D, 1.442-11 1.432-11 (1.6 £0.15)-11
25 1s4d Dy 1.442—-11 1.432-11 (1.6 £0.15)-11
26 1s4f 3F§ 3.015-11 3.014-11
27  1s4f 3F§ 3.016-11 3.016-11
28  1s4f 3F3 3.015-11
20  1s4f 1F§ 3.018-11 3.018-11
30 1s4d 'D, 1.507-11 1.543-11 (1.62 +0.15)-11
31  1sdp ‘Pj’ 1.712-12  2.395-12
32 Is5s  3S; 1.336—-10 1.056-10
33 1Is5p 3P8 6.074-11 5.358-11
34 1s5p 3P§’ 6.053—-11 5.349-11
35 1Is5p 3P§ 6.090-11 5.366—11
36 1s5s 'S, 6.079—-11 1.151-10
37 1s5d Dy 2.832-11 2.744-11 (3.1 +£0.3)-11
38 1s5d 3D, 2.833-11 2.746-11 (3.1 £0.3) —11
39 1s5d Dy 2.837-11 2.754-11 (3.1+0.3) -11
40  1s5f 3F§ 5.829—-11 5.828-11
41 1s5f 3F§ 5.832—-11 5.833-11
42 1s5f 3Fj 5.831-11
43 1s5f ‘F§ 5.836—-11 5.838-11
44 1s5g 3G 9.782—11  9.795-11
45  1s5g 3Gy 9.782-11
46  1s5g 3Gs 9.783—-11
47 1s5g Gy 9.784-11
48 1s5d 'D, 2.664-11 2.982-11 (2.8+0.2)—11
49  1s5p ‘Pj’ 2.316-12  4.660-12

GRASP: Present 49 level calculations from the GRASP code. MBPT: calculations of Savukov et al. (2003) from the MBPT code. Expt: measurements

for the LS states by Trabert et al. (1977).

relativistic effects in a systematic way, in both the target de-
scription and the scattering model. It is based on the jj cou-
pling scheme, and uses the Dirac-Coulomb Hamiltonian in the
R-matrix approach. The R-matrix radius has been adopted to be
14.24 au, and 55 continuum orbitals have been included for each
channel angular momentum for the expansion of the wavefunc-
tion. This allows us to compute Q up to an energy of 80 Ryd,
sufficient to calculate the excitation rates up to a temperature
of 10° K. The maximum number of channels for a partial wave
is 217, and the corresponding size of the Hamiltonian matrix is
11991. In order to obtain convergence of € for all transitions and

at all energies, we have included all partial waves with angular
momentum J < 40.5, although a larger number would have been
preferable for the convergence of some allowed transitions, espe-
cially at higher energies. However, to account for the inclusion
of higher neglected partial waves, we have included a top-up,
based on the Coulomb-Bethe approximation for allowed transi-
tions and geometric series for others.

In Figs. 1-3 we show the variation of Q with angular mo-
mentum J for three transitions, namely 2—4 (1s2s *S;~1s2p *P}),

2-10 (1s2s 3S;-1s3p *PS), and 9-11 (I1s3p *Py—1s3p *P5),
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Fig. 1. Partial collision strengths for the 1s2s *S;—1s2p *P$ (2-4) transi-
tion of O VII, at three energies of: 60 Ryd (circles), 70 Ryd (triangles),
and 80 Ryd (stars).

0.016

Fig. 2. Partial collision strengths for the 1s2s *S;~1s3p *P (2-10) tran-
sition of O VII, at three energies of: 60 Ryd (circles), 70 Ryd (triangles),
and 80 Ryd (stars).

respectively, and at three energies of 60, 70, and 80 Ryd. Values
of Q have fully converged for all resonance transitions, includ-
ing the allowed ones. Values of Q have also converged for al-
lowed transitions among the higher excited levels, as shown in
Fig. 2 for the 2-10 transition. It is also clear from Fig. 2 that
the need to include a larger range of partial waves increases with
increasing energy. However, values of Q have not converged for
those allowed transitions whose AE is very small (mainly within
the same n complex), as shown for the 2—4 transition in Fig. 1.
Similarly, values of Q have (almost) converged for all forbidden
transitions, including those whose AE is very small, such as the
9-11 transition shown in Fig. 3. Therefore, only for the allowed
transitions within the same n complex, our wide range of par-
tial waves is not sufficient for the convergence of Q, for which a
top-up has been included as mentioned above.

In Table 5 we list our values of Q for resonance transitions at
energies above thresholds. The indices used to represent the lev-
els of a transition have already been defined in Table 1. No com-
parisons can be made with our calculations because Delahaye &
Pradhan (2002) have not reported results for collision strengths.
Therefore, in order to make an accuracy assessment of the
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Fig. 3. Partial collision strengths for the 1s3p 3Pg—ls’j’p 3P5 (9-11) tran-
sition of O VII, at three energies of: 60 Ryd (circles), 70 Ryd (triangles),
and 80 Ryd (stars).

values of Q, we have performed another calculation using the
FAC code of Gu (2003). This code is also fully relativistic, and is
based on the well known and widely used distorted-wave (DW)
method. Furthermore, the same CI is included in FAC as in the
calculations from DARC. Therefore, also included in Table 5 for
a ready comparison are the Q values from FAC at a single ex-
cited energy (E ) of ~75 Ryd, corresponding to the incident en-
ergy of ~120 Ryd. Generally the two sets of Q agree well, but
differences for four transitions, namely 1-27, 1-29, 1-41, and
1-43, are over 30%, and the discrepancy is an order of magni-
tude for two transitions, namely 1-45 and 1-47. However, all
these transitions are very weak (Q < 107%). The contribution of
such weak transitions in any modelling application is likely to be
insignificant.

In Fig. 4 we show the variation of our values of Q with
energy for three allowed transitions, namely 2-5 (1s2s 3S;—
1s2p°P3), 4-14 (1s2p *P{-1s3d°D,), and 10-24 (1s3p *P;-1s4d
3D,). Also included in this figure are the corresponding results
obtained from the FAC code. It may be noted that our calculations
from DARC are only up to E = 140 Ryd (see Sect. 6) whereas the
FAC calculates Q up to ~500 Ryd. For all the above three (and
many other) transitions there are no discrepancies between the
f-values obtained from the two independent (GRASP and FAC)
codes, and therefore the Q values also agree to better than 20%.
However, the Q values obtained from FAC are slightly anoma-
lous, particularly towards the lower end of the energy range, and
the agreement between the two calculations improves with in-
creasing energy. Such occasional anomalies for a few random
transitions occur because of the interpolation and extrapolation
techniques employed in the FAC code, which is designed to gen-
erate a large amount of atomic data in a comparatively very short
period of time, and without too much loss of accuracy. Similarly,
some difference in the values of Q are expected because the DW
method generally overestimates the results for light ions due to
the exclusion of channel coupling.

Similar comparisons between the two calculations are made
in Fig. 5 for three forbidden transitions, namely 2—8 (1s2s 3S;—
1s3s ?Sy), 2-15 (1s2s *S;~1s3d *D;), and 4-10 (1s2p *Pj-1s3p
3P‘l’). For these transitions, the agreement between the two calcu-
lations also improves with increasing energy. Therefore, in some
instances a problem of a few anomalies may arise from the calcu-
lations from FAC, but overall we observe no discrepancy with our


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810531&pdf_id=1
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810531&pdf_id=2
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810531&pdf_id=3
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Table 5. Collision strengths for resonance transitions of O VIL. (a + b = a x 10*").

Transition Energy (Ryd)

i j 60 70 80 100 120 140 FAC

1 2 2786-3 2.322-3 1.942-3 1.461-3 1.129-3 9.092-4 1.089-3
1 3 1.534-3 1.193-3 9.460-4 6.141-4 4.273-4 3.109-4 3.973-4
1 4 4598-3 3.576-3 2.837-3 1.845-3 1.287-3 9.400-4 1.201-3
1 5 7.628-3 5.927-3 4.699-3 3.048-3 2.120-3 1.542-3 1.980-3
1 6 9337-3 1.016-2 1.077-2 1.180-2 1.252-2 1.305-2 1.178-2
1 7 3.701-2 4.592-2 5.412-2 6.785-2 7.978-2 9.023-2 8.016-2
1 8 9.065-4 7.043-4 5721-4 4.155-4 3.167-4 2.523-4 2.709-4
1 9 4878-4 3.748-4 2.948-4 1.894-4 1.306-4 9.421-5 1.063-4
1 10 1.462-3 1.123-3 8.837-4 5.681-4 3.925-4 2.839-4 3.203-4
1 11 2427-3 1.864-3 1.466-3 9.406-4 6.484-4 4.674-4 5.298-4
1 12 1.821-3 2.023-3 2.180-3 2.467-3 2.682-3 2.845-3 2.493-3
1 13 1.638-4 1.098-4 7.754-5 4.267-5 2.659-5 1.791-5 2.385-5
1 14 2.744-4 1.859-4 1.334-4 7.735-5 5201-5 3.866-5 4.706-5
1 15 3.804-4 2.548-4 1.798-4 9.892-5 6.161-5 4.149-5 5.555-5
1 16 5.044-4 5912-4 6.933-4 8814-4 1.033-3 1.153-3 9.166-4
1 17  6.458-3 8.257-3 9.894-3 1.255-2 1.484-2 1.684-2 1.597-2
1 18 4.280-4 3.094-4 2.452-4 1.734-4 1.294-4 1.026-4 1.054-4
1 19 2.115-4 1.613-4 1.264-4 8.045-5 5517-5 3.970-5 4.254-5
1 20 6.338-4 4.836-4 3.788-4 2.414-4 1.657-4 1.195-4 1.283-4
1 21 1.053-3 8.029-4 6.284-4 3.998-4 2.740-4 1970-4 2.119-4
1 22 7.265-4 7.901-4 8.585-4 9.626-4 1.046-3 1.114-3 9.677-4
1 23 9.500-5 6.304-5 4.438-5 2424-5 1.504-5 1.012-5 1.299-5
1 24 1.586-4 1.057-4 7.498-5 4.202-5 2.718-5 1.934-5 2.354-5
1 25 2.206-4 1.463-4 1.029-4 5.617-5 3.486-5 2.343-5 3.027-5
1 26 5495-6 3.063-6 1.960-6 9.505-7 5.344-7 3.339-7 4.619-7
1 27  1.055-5 7.241-6 6.065-6 5.220-6 5.006-6 5.009-6 3.308-6
1 28 9.845-6 5.485-6 3.510-6 1.701-6 9.558-7 5.970-7 8.304-7
1 29 1.289-5 9.663-6 8.786—-6 8.407-6 8.496-6 8.732-6 5.305-6
1 30 2.652-4 2.809-4 3.188-4 4.009-4 4.756-4 5.419-4 4.422-4
1 31 2423-3 3.130-3 3.749-3 4.787-3 5.666-3 6.421-3 6.029-3
1 32 2427-4 1.643-4 1.265-4 8.751-5 6.467-5 5.118-5 5.025-5
1 33 1.122-4  8365-5 6.473-5 4.097-5 2.793-5 2.005-5 2.073-5
1 34 3362-4 2.507-4 1.941-4 1.229-4 8392-5 6.035-5 6.253-5
1 35 5586-4 4.163-4 3.220-4 2.036-4 1.387-4 9.951-5 1.032-4
1 36 4.065-4 4.309-4 4.595-4 5.167-4 5554-4 5908-4 4.970-4
1 37  5.569-5 3.623-5 2.536-5 1.381-5 8550-6 5.745-6 7.286-6
1 38 9.290-5 6.063-5 4.269-5 2.370-5 1.515-5 1.065-5 1.292-5
1 39 1.293-4 8.409-5 5.883-5 3.201-5 1981-5 1.331-5 1.697-5
1 40 4.671-6 2547-6 1.615-6 7.794-7 4.374-7 2.731-7 3.762-7
1 41  9.145-6 5904-6 4.703—-6 3.801-6 3.500-6 3.377-6 2.311-6
1 42 8370-6 4.562-6 2.891-6 1.395-6 7.826-7 4.885-7 6.763-7
1 43 1.221-5 8.651-6 7.571-6 6.983-6 6.891-6 6.894-6 4.364-6
1 44 1.595-7 5.615-8 2.942-8 1.143-8 5.888-9 3.599-9 4.133-9
1 45  3.659-7 1.829-7 1.308-7 1.416-7 2.443-7 3.509-7 2.197-8
1 46  2.497-7 8.783-8 4.600-8 1.786-8 9.206-9 5.626-9  6.489-9
1 47 4.071-7 2.113-7 1.546-7 1.740-7 3.047-7 4.392-7 2.526-8
1 48 1.553-4 1.528-4 1.689-4 2.100-4 2.490-4 2.842-4 2.356-4
1 49  1.299-3 1.643-3 1.956-3 2477-3 2.926-3 3.306-3 3.024-3

results from the DARC code, as also found for many other ions,
such as those of iron — see, for example, Aggarwal et al. (2008)
and references therein. In conclusion, based on the discussion
above and the comparisons made, we do not see any apparent
deficiency in our calculations for Q, and estimate our results to
be accurate to better than 20% for a majority of the transitions.

6. Excitation rates

Excitation rates, along with energy levels and radiative rates,
are required for plasma modelling, and are determined from
the collision strengths (Q). Since the threshold energy region is
dominated by numerous closed-channel (Feshbach) resonances,

values of Q need to be calculated in a fine energy mesh in or-
der to accurately account for their contribution. Furthermore, in
a hot plasma electrons have a wide distribution of velocities, and
therefore values of Q are generally averaged over a Maxwellian
distribution as follows:

T(T,) = fo Q(E) exp(~E KT )A(E, kT, ™

where k is Boltzmann constant, T is the electron temperature in
K, and E; is the electron energy with respect to the final (excited)
state. Once the value of Y is known the corresponding results for
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Fig. 4. Comparison of collision strengths from our calculations from
DARC (continuous curves) and FAC (broken curves) for the 2-5 (circles:
1s2s 351—1s2p 3P§), 4-14 (triangles: 1s2p 3P‘l’—ls3d ’D,), and 10-24
(stars: 1s3p 3P‘1’—ls4d D,) allowed transitions of O VII .
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Fig.5. Comparison of collision strengths from our calculations from
DARC (continuous curves) and FAC (broken curves) for the 2-8 (cir-
cles: 1s2s 3S;—-1s3s 3S)), 2—15 (triangles: 1s2s 3S;~1s3d *D3), and 4-10
(stars: 1s2p *P3—1s3p *P?) forbidden transitions of O VII.

the excitation ¢(i, j) and de-excitation g(j, i) rates can be easily
obtained from the following equations:

8.63 % 1076 o

q(i, j) = =7 T exp(=Ei;/kTe) cm’ s ®)
(J.),‘Te
and
. 8.63x107° _
q(ji) = ~——7— em’ 7', 9)
(L)jTe

where w; and w; are the statistical weights of the initial () and
final () states, respectively, and E;; is the transition energy. The
contribution of resonances may enhance the values of Y over
those of the background values of collision strengths (Qg), es-
pecially for the forbidden transitions, by up to a factor of ten
(or even more) depending on the transition and/or the temper-
ature. Similarly, values of Q need to be calculated over a wide
energy range (above thresholds) in order to obtain convergence
of the integral in Eq. (7), as demonstrated in Fig. 7 of Aggarwal
& Keenan (2008).
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The temperature of maximum abundance in ionisation equi-
librium for O viI is 10°>° K (Bryans et al. 2008), while our
range of energy (up to 80 Ryd) is sufficient to calculate val-
ues of Yup to T, = 10° K. However, we have extended our
energy range up to 140 Ryd by performing another calculation
from DARC, but with a smaller R-matrix radius of 12.0 au. Values
of Q obtained from this calculation differ insignificantly in the
60 < E < 80 Ryd energy range from those already described.
This exercise enables us to extend the temperature range of our
calculations for Y up to T, = 2 x 10° K.

To delineate resonances, we have performed our calcula-
tions of Q at over 4200 energies in the threshold region. Close
to thresholds (~0.1 Ryd above a threshold) the energy mesh is
0.001 Ryd, and away from thresholds is 0.002 Ryd. Thus care
has been taken to include as many resonances as possible, and
with as fine a resolution as is computationally feasible. The
density and importance of resonances can be appreciated from
Figs. 6 a—f and 7 a—f, where we show our values of Q in the
thresholds region for some resonance transitions, namely 1-2,
4, 5,17, 8, 10, 11, 13, 14, 15, 16, and 17. These transitions
have been chosen because Delahaye & Pradhan (2002) have
also shown similar resonances, and hence comparisons can be
made between the two calculations. The density and magnitude
of resonances between our calculations and those of Delahaye
& Pradhan are comparable for some transitions, such as: 1-7,
10,11, and 17, i.e. Figs. 6d,f, and 7a,f, respectively. However,
for some transitions, such as: 1-2, 4, 5, and 8, i.e. Figs. 6a—c,
and e, respectively, resonances in our calculations are denser,
particularly at energies just above the thresholds. This is mainly
because fine-structure is explicitly included in the definition of
channel coupling, which takes account of the relativistic effects
in a more accurate way, and is particularly beneficial for split-
ting the terms of a state. However, the size of the Hamiltonian
increases correspondingly, hence making the calculations com-
putationally more expensive. These near threshold resonances
affect the values of T particularly towards the lower end of the
temperature range, which we discuss below.

Our calculated values of Y are listed in Table 6 over a wide
temperature range of 1.0 x 10* < T, < 2.0 x 10° K, suit-
able for applications in solar and other plasmas. The most re-
cent and sophisticated calculations available for comparison are
by Delahaye & Pradhan (2002), as stated in Sect. 1. They em-
ployed the R- matrix code but in a Breit-Pauli approximation,
which should be sufficient to account for the relativistic effects
for light ions, such as O VII. They also resolved resonances in
the thresholds region to account for their contribution in the de-
termination of Y values, and included a wide energy range for
calculating values of Q in order to ensure the convergence of the
integral in Eq. (7) at all temperatures. Finally, they included con-
tributions of all partial waves with J < 17.5 to obtain converged
values of collision strengths. This limited range of partial waves
is insufficient for the convergence of Q values, particularly for
transitions among the excited levels, as discussed in Sect. 5 and
demonstrated in Figs. 1-3. However, this range of partial waves
is fully sufficient for the convergence of Q for all resonance tran-
sitions. Hence the " values of Delahaye & Pradhan should be
comparatively more reliable for the resonance transitions.

Delahaye & Pradhan (2002) have not reported results for Q
or T, but their results for T are available electronically on the
TIPbase website (http://vizier.u-strasbg.fr/tipbase/
home.html), as noted in Sect. 1. However, before we discuss
comparisons between their and our results, we point out that the
values of T shown in their Figs. 6-8 and those available on the
TIPbase website are not compatible for some transitions, such as


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810531&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810531&pdf_id=5
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http://vizier.u-strasbg.fr/tipbase/home.html
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Fig. 8. Comparison of effective collision strengths from our calcula-
tions from DARC (continuous curves) and those of Delahaye & Pradhan
(2002: broken curves) for the 1-2 (squares: 15> 'Sy—1s2s 3S,), 1-3 (cir-
cles: 1s* 'Sg—1s2p PY), 14 (stars: 1s* 'So—1s2p *P}), and 1-5 (trian-
gles: 1s* 1Sy—1s2p *P3) transitions of O VIL

4-6 (1s2p 3P‘f—lsZs 1Sy), 4-13 (1s2p 3P‘1’—1s3d D)), and 8-14
(1835 3S,-1s3d 3D»). For the 4-13 transition we assume this cor-
responds to 1s2p 3P‘1’—153d 3Dy, rather than 1s2p 3P‘l’—2 3D, as
labelled by Delahaye & Pradhan. Nevertheless, a comparison of
their results with ours indicates that the T values listed on the
website are correct, and therefore we will discuss comparisons
with those results alone.

A comparison between our I’ values and those of Delahaye
& Pradhan (2002) shows differences of over 20% for almost all
(89% to be precise) the 465 common transitions among the low-
est 31 levels, in the common temperature range of 1.0 x 10* <
T. < 2.0x10° K. Since resonance transitions are the most impor-
tant and probably the most accurate among those calculated by
Delahaye & Pradhan, as discussed above, we focus on a compar-
ison for these transitions. Temperatures towards the lower end
are particularly sensitive to the presence (or absence) of those
resonances which are near the thresholds, as shown in Fig. 6
(a—c and e—f). To demonstrate this, we compare the two sets of
T for the 1-2, 3, 4, and 5 transitions in Fig. 8. For all these
(and many other) transitions the discrepancy is the largest (up
to a factor of two) at the lowest temperature, and decreases with
increasing temperature. Our larger values of Y for such transi-
tions are understandable for the reasons discussed above, and
are clearly due to the denser resonances we observe in our cal-
culations. However, transitions involving levels 23 and higher
show even larger discrepancies of up to an order of magnitude,
and particularly notable are four, namely 1-24, 27, 29, and 31.
Since the discrepancy is the largest for the 1-24 (1s? 'So—1s4d
’D,) and 1-27 (1s? 'So—1s4f *F3) transitions, we focus our com-
parison on these to understand the differences.

In Fig. 9 we show our values of Y and those of Delahaye
& Pradhan (2002) for both the 1-24 and 1-27 transitions. Since
our values of Y are consistently higher over the entire temper-
ature range, the first suspicion is that the differences are due to
resonances, because we have included an additional 18 levels
of the n = 5 configurations, whereas Delahaye & Pradhan have
not. These transitions do show resonances over the entire thresh-
old energy range, as shown for illustration in Fig. 10 for the 1-
24 transition for which the discrepancy is the largest. However,
these resonances are neither dense nor very large in magnitude,
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Fig.9. Comparison of effective collision strengths from our calcula-
tions from DARC (continuous curves) and those of Delahaye & Pradhan
(2002: broken curves) for the 1-24 (triangles: 1s> 'Sy—1s4d 3D,) and
1-27 (circles: 1s* 'So—1s4f *F3) transitions of O VIL
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Fig. 10. Collision strengths for the 1s> 'Sy—1s4d 3D, (1-24) transition
of O VII.

and therefore the effect on the determination of I values is
not very significant, especially at temperatures above 10° K.
Hence, the differences between the two sets of Y values prob-
ably arise from the differences in the corresponding values of
Q. Unfortunately, Delahaye & Pradhan have not reported their
results for €, except for a few transitions in graphical form.
However, for a majority of the transitions, and particularly the
resonance lines, there is no (large) discrepancy between our cal-
culations from DARC and FAC, as discussed already in Sect. 5 and
may also be noted from Table 5. Furthermore, our values of Q
and Y decrease with increasing energy (temperature), as both of
these are forbidden transitions. However, this is not so much ap-
parent in the calculations of Delahaye & Pradhan. Therefore, we
have confidence in our results. Finally, we note that even over
the higher temperature range (1.0 x 10° < T. < 2.0 x 10° K),
differences between our values of T and those of Delahaye &
Pradhan are over 20% for about 80% of the transitions in com-
mon. Differences of about an order of magnitude are common
for many transitions, but are particularly large (up to two or-
ders of magnitude) for six, namely 2-24, 25; 21-24, 23-26,
24-27, and 27-30. Most of the differences are (perhaps) due to


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810531&pdf_id=8
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810531&pdf_id=9
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810531&pdf_id=10

1388

the differences in the corresponding values of Q, because the
limited range of partial waves (J < 17.5) adopted by Delahaye
& Pradhan is inadequate for the convergence of Q for a large
number of forbidden and most of the allowed transitions among
excited levels, as discussed earlier in Sect. 5.

7. Conclusions

In this paper we have presented results for energy levels and
radiative rates for four types of transitions (E1, E2, M1, and
M2) among the lowest 49 levels of O VII belonging to the n < 5
configurations. Additionally, lifetimes of all the levels have
been reported, although measurements are available for only
a few, for which there is no discrepancy between theory and
experiments. Based on a variety of comparisons, our energy
levels are assessed to be accurate to better than 0.5%, and the
results for radiative rates, oscillator strengths, line strengths,
and lifetimes are assessed to be accurate to better than 20%
for a majority of the strong transitions (levels). Similarly, the
accuracy of our results for collision strengths and effective
collision strengths is estimated to be better than 20% for a
majority of the transitions. This accuracy estimate is based
on a comparison between two independent calculations per-
formed with the DARC and FAC codes. Additionally, we have
considered a large range of partial waves in order to achieve
the convergence of values of Q at all energies, included a
wide energy range in order to accurately calculate the values
of Yup to 7. = 2.0 X 10° K, and resolved resonances in a
fine energy mesh in order to account for their contributions.
Hence, overall improvements have been made over the earlier
available Y results of Delahaye & Pradhan (2002), which differ
from the present calculations by over an order of magnitude for
many transitions. Finally, we have also included the additional
18 levels of the n = 5 configurations, which have helped to
improve the accuracy of the values of Y for all those transitions
whose levels belong to the n < 4 configurations. Similarly, our
present results for transitions involving the levels of the n = 5
configurations can be further improved by the inclusion of the
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levels of the n = 6 configurations. We believe the present set of
complete results for radiative and excitation rates are the most re-
liable currently available, and will be highly useful for the mod-
elling of a variety of plasmas.
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